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ABSTRACT

δ15N)—were measured in soils, vegetation,
charcoal, and freshwater plankton to characterize
representative source endmembers. Sterols—
including 27-nor-24-cholesta-5,22-dien-3β-ol,
cholesta-5,22-dien-3β-ol, 24-methylcholesta5,22-dien-3β-ol and cholesta-5-en-3β-ol, and
positive δ15N values—were associated with
aquatic OM (plankton, suspended particulate
OM), whereas lignin phenols, long chain FA,
and diacids characterized terrigenous sources
(soils, charcoal, vegetation). Trends in organic
carbon and biomarker signatures in soil samples
showed a response to environmental disturbance
(i.e., mining, agriculture) through an inverse
relationship between OM content and land use.
Results from this study demonstrate the utility
of multi-biomarker studies for distinguishing
between OM from different sources and land
uses, offering new insights for biogeochemical
studies in aquatic systems.

Organic matter in soils and sediments
derives from a mixture of biological origins,
often making it difficult to determine inputs
from individual sources. Complicating the
determination of source inputs to soil and
sedimentary organic matter (OM) is the fact
that physical and microbial processes have
likely modified the initial composition of these
sources. This study focused on identifying the
composition of watershed-derived OM to better
understand inputs to inland waters and improve
our ability to resolve between terrigenous and
aquatic sources in downstream systems, such as
estuaries and coasts. We surveyed OM sources
from the Yuba River watershed in northern
California to identify specific biomarkers that
represent aquatic and terrigenous OM sources.
Multiple classes of organic proxies—including
sterols, fatty acids (FA), lignin phenols and
stable carbon and nitrogen isotope values (δ13C,

KEY WORDS
Organic carbon, sterol, fatty acid, lignin, stable
carbon and nitrogen isotopes, Yuba River

SFEWS Volume 20 | Issue 1 | Article 6
https://doi.org/10.15447/sfews.2022v20iss1art5

*

Corresponding author: cpondell@vims.edu

1

Virginia Institute of Marine Science
College of William & Mary
Gloucester Point, VA 23062 USA

INTRODUCTION
Human land use—including deforestation,
agriculture and urbanization—strongly modifies
terrestrial landscapes by changing the amounts
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Houel et al. 2006; Blair and Aller 2012), fecal
sterols (e.g., coprostanol) have been used to trace
wastewater effluent and human contamination
(Eganhouse and Sherblom 2001; Carreira et al.
2015; Reichwaldt et al. 2017), and lipid biomarkers
have been used to determine the contribution
of terrestrial and marine OM sources along the
estuarine salinity gradient (Canuel 2001; Waterson
and Canuel 2008; Freymond et al. 2018).

and types of vegetation, altering nutrient
loadings, and increasing soil erosion and
exposure to weathering processes (Regnier et
al. 2013; Bauer et al. 2013). In addition to these
anthropogenic stressors, climate transforms the
terrestrial landscape through drought, flooding,
and wildfires, changing the composition and
quantity of terrestrial organic matter (OM)
(e.g., Harjung et al. 2019; Walker et al. 2019).
Many studies focus on describing OM in coastal
landscapes such as estuaries and the land–ocean
margin, where human activities have contributed
to profound ecosystem changes (e.g., Zimmerman
and Canuel 2002; Lotze et al. 2006). However,
there is considerable uncertainty regarding OM
cycling in aquatic inland systems such as lakes
and reservoirs, particularly those in mountainous
regions (Butman et al. 2018), which limits the
understanding of carbon cycling in lakes, rivers,
and streams (Butman et al. 2018). As a result,
the connectivity between OM composition in the
watershed and what is transferred to downstream
depositional settings needs to be understood.

Of the studies that have used biomarkers to
investigate OM in terrestrial landscapes and inland
waters, a common strategy has been to focus on
one class of biomarkers to understand the origin
and/or response of a particular source of OM to
an outside influence, such as human land use or
climate change. Ouellet et al. (2009), for example,
used lignin to demonstrate the importance of
terrigenous OM as a vector for mercury from
watersheds to lakes, and Van Metre et al. (1997)
used organochlorine compounds to trace
historic declines in water quality in reservoirs
adjacent to human population centers. Although
single biomarker classes have proven useful in
ecosystems where few sources of OM dominate,
multi-biomarker approaches have been more
successful in resolving OM sources in complex
systems (e.g., Goñi et al. 1998; Yunker et al. 2005;
Canuel and Hardison 2016). For example, using
lipid biomarker and stable isotope data, He et al.
(2014) were able to identify three different sources
of OM (terrestrial plants, estuarine, and marine
diatoms) to the Shark River Estuary in south
Florida, and quantify the contribution of each OM
source to the surface sediments from the estuary.
Overall, multi-proxy studies have advanced the
understanding of ecosystem responses to various
stressors by allowing for the identification of
multiple OM sources, and tracing temporal and
spatial changes in these sources (e.g., Waterson
and Canuel 2008; Canuel et al. 2017).

The ability to deconvolute OM sources in lake and
river systems is augmented by understanding the
signatures of OM in the watershed, and how these
signatures are modified during long- and shortterm storage as material travels downstream. This
study focused on identifying the signatures of
organic carbon (OC) from a variety of watershed
sources to a small, mountainous river and its
associated impounded lake. To characterize
OC sources, we used a variety of biomarker
compounds—molecules whose origin can be
linked to a specific organic source—that have
been used successfully in many aquatic and
marine environments (Bianchi and Canuel
2011). Lipid biomarkers have been identified for
different OM sources, including short chain fatty
acids and sterols like 24-methylcholesta-5,22dien-3β-ol (brassicasterol), which are indicative
of microalgae (Volkman 1986; Zimmerman
and Canuel 2002), and branched fatty acids and
specific amino acids of bacterial origin (Canuel
and Martens 1993; Veuger et al. 2007). Similarly,
lignin phenols have proven to be effective tools
for quantifying terrestrial inputs to marine
environments (e.g., Hedges and Mann 1979;

One limitation of using biomarkers in inland
aquatic systems is that OM sources are influenced
by a wide range of watershed variables (e.g.,
land use, vegetation, elevation, and lithology;
Glendell et al. 2018), and biomarkers typically
used to identify aquatic or terrigenous OM
sources in estuaries and coastal ecosystems may
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not be transferable to inland aquatic systems
(Derrien et al. 2017; Li et al. 2018). This study
characterized the biomarker composition of some
of the representative OM sources to a lake from its
watershed in northern California to identify the
source signatures of watershed derived organic
matter, and compared these watershed signatures
to OM composition from surface sediments
in Englebright Lake to describe the relative
contribution of the representative OM sources to
the lake OM deposition. Sterols, fatty acids, lignin,
and stable carbon and nitrogen isotope values
of vegetation, soil, charcoal, and freshwater
plankton were examined because these biomarker
compounds have often been used to identify OM
sources in coastal ecosystems. The biomarker
composition of these materials was then used
to distinguish between aquatic and terrigenous
OM sources in surface sediments collected from
Englebright Lake CA, contributing to an improved
understanding of watershed controls on the
sources of OM to this lake.

cover changes to oak woodlands and chaparral
communities. The upper Yuba River watershed
has a population of approximately 16,000 people,
and only 1.6% of the watershed is considered
urban (Friedl et al. 2010). Forest and woodland
land cover dominate the upper Yuba River
watershed, and recent human activities in the
watershed include logging (Curtis et al. 2006),
dam construction (James 2005), and agriculture,
including rangeland, cropland, and vineyards
(Federal 2000). Additionally, during the mid 19th
century, the upper Yuba River watershed was
heavily affected by hydraulic mining for gold
(Wright and Schoellhamer 2004; James 2005),
which contributed to high sediment yields in the
upper Yuba River (Gilbert 1917) and high rates
of sediment accumulation (6 to 145 cm year –1) in
Englebright Lake (Pondell et al. 2015).

METHODS
Sample Collection
A total of 37 samples were collected throughout
the upper Yuba River watershed in July 2011 and
July 2012 to characterize representative sources
of OM (Table 1; Figure 1). Sampling focused on
collecting plants and soils from the ecoregions
described above, including conifer, oak
woodland, and chaparral. Soil and plant samples
were also collected to represent the various
human impacts in the watershed, including
agriculture (rangeland, cropland, and vineyards),
hydraulic mining, and from roadsides in the
watershed. A common occurrence in this region—
and one that is expected to increase with climate
change—is forest fires, so samples were collected
at two sites that had experienced fire within the
2 years before samples were collected. The final
set of samples was collected from Englebright
Lake and its periphery. Samples included fresh
vegetation, leaf litter and bark, charcoal samples
from recent forest fire sites, soils, plankton,
algae, and suspended particulate matter from
lake water (Table 1). Because the dominant
bedrock material in the Yuba River watershed is
of volcanic or granitic origin (Staff 2013), it was
assumed that contributions of OM from bedrock
sources would be minimal (Raymond and Bauer
2001; Ishikawa et al. 2015). For these reasons, this
source was not included in this study.

Study Site
Englebright Lake and the Yuba River watershed,
located in the Sierra Nevada mountain range in
northern California, were chosen as the study
sites because their ecologic setting and history of
human impact provide a variety of OM sources
across a range of degradation states. The Yuba
River drains a 3,470-km2 watershed and includes
three tributaries: the North Yuba River, Middle
Yuba River and South Yuba River. These three
tributaries converge at Englebright Lake, the
downstream extent of the upper Yuba River
watershed (Figure 1). The Yuba River watershed
experiences a Mediterranean climate, with
hot, dry summers, and precipitation occurring
primarily between October and April. River
discharge is controlled by winter storms and
spring snowmelt. The headwaters of the Yuba
River and its tributaries lie at elevations greater
than 2,780 m where the soils exhibit minimal
horizon development or are of volcanic origin
(Staff 2013). At these elevations, the dominant
vegetation is mixed conifer forest, dominated
by Ponderosa pine and Douglas fir. At lower
elevations in the watershed, soils become
more developed and fertile, and the vegetation
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Table 1 Description and location of samples collected from the upper Yuba River watershed. The IDs are assigned based on the type of OM source
represented by each sample collected from the watersheds of the North Yuba River (NYR), Middle Yuba River (MYR), South Yuba River (SYR), and
Englebright Lake. In these samples, MS = mining soils, RS = roadside soils, FS = forest soils, SS = subsurface soils, AS = agricultural soils, CC = charcoal,
V = vegetation, PL = plankton, POM = particulate matter collected from lake water, and ALG = algal biofilm. The Munsell Soil Color is reported in
parentheses in the description for all soil samples.
ID

Type

Latitude

Longitude

Description

Soil samples
MS1

Mining

39° 22’ 13”N

120° 59’ 50”W

North Columbia Mine (10YR 7/2)

MS2

Mining

39° 22’ 00”N

120° 55’ 32”W

Malakoff Diggins SHP a (2.5Y 7/2)

SS1

Subsurface

39° 14’ 36”N

121° 15’ 19”W

Roadside outcrop (10YR 5/6)

SS2

Subsurface

39° 23’ 50”N

121° 08’ 00”W

Lakeside outcrop (10YR 5/6)

RS1

Road-side, Mesic

39° 22’ 11”N

121° 06’ 17”W

North San Juan (2.5Y 4/4)

RS2

Road-side, Mesic

39° 19’ 13”N

120° 33’ 54”W

HWY 80 construction Site (2.5Y 3/3)

RS3

Road-side, Frigid

39° 20’ 03”N

120° 24’ 12”W

Donner Summit PUD b (2.5Y 3/3)

RS4

Road-side, Frigid

39° 33’ 57”N

120° 38’ 09”W

Sierra City (2.5Y 5/3)

RS5

Road-side, Mesic

39° 33’ 36”N

120° 49’ 43”W

Downieville (2.5Y 6/3)

AS1

Agriculture

39° 14’ 53”N

121° 16’ 32”W

Rangeland (7.5YR 4/4)

AS2

Agriculture

39° 22’ 17”N

121° 04’ 22”W

Organic farm (7.5YR 4/3)

AS3

Agriculture

39° 20’ 21”N

121° 03’ 25”W

Vineyard (10YR 4/4)

AS4

Agriculture

39° 20’ 20”N

121° 03’ 19”W

Vineyard (10YR 4/3)

FS1

Forest

39° 24’ 28”N

120° 58’ 11”W

MYR watershed (7.5Y 3/3)

FS2

Forest

39° 22’ 24”N

120° 46’ 18”W

SYR watershed (2.5Y 6/2)

FS3

Forest

39° 23’ 55”N

121° 07’ 57”W

NYR watershed (7.5YR 5/6)

Charcoal samples
CC1

Charcoal

39° 23’ 55”N

121° 07’ 57”W

Litter, natural forest fire site

CC2

Charcoal

39° 14’ 56”N

121° 17’ 11”W

Litter, controlled fire site

Vegetation samples
V1

Gymnosperm

39° 22’ 24”N

120° 46’ 18”W

Pseudotsuga menziesii (Douglas Fir)

V2

Gymnosperm

39° 22’ 24”N

120° 46’ 18”W

Pinus lambertiana (Sugar Pine), fresh needles

V3

Gymnosperm

39° 22’ 24”N

120° 46’ 18”W

Pinus lambertiana (Sugar Pine), needle litter

V4

Angiosperm, Monocot

39° 14’ 53”N

121° 16’ 32”W

Bromus secalinus (Chess Brome)

V5

Angiosperm, Monocot

39° 14’ 28”N

121° 15’ 51”W

Juncus effusus (Common Rush)

V6

Angiosperm, Eudicot

39° 14’ 53”N

121° 16’ 32”W

Trifolium hirtum (Rose Clover)

V7

Angiosperm, Eudicot

39° 14’ 53”N

121° 16’ 32”W

Linum bienne (Narrow Leaf Flax)

V8

Angiosperm, Eudicot

39° 23’ 55”N

121° 07’ 57”W

Quercus chrysolepis (Canyon Oak)

V9

Angiosperm, Eudicot

39° 14’ 28”N

121° 15’ 51”W

Scutellaria galericulata (Marsh Skullcap)

V10

Fern

39° 23’ 55”N

121° 07’ 57”W

Pteridium aquilinum (Western Bracken Fern)

V11

Moss

39° 14’ 28”N

121° 15’ 51”W

Leskeella nervosa (Leskeella moss)

V12

Bark

39° 23’ 55”N

121° 07’ 57”W

Mixed bark samples

Aquatic samples
PL1

Plankton

39° 14’ 28”N

121° 15’ 52”W

26 ft vertical tow in Englebright Lake

PL2

Plankton

39° 16’ 33”N

121° 13’ 20”W

26 ft vertical tow in Englebright Lake

PL3

Plankton

39° 17’ 39”N

121° 12’ 40”W

30 s tow in 1.9 m3s-1 current

POM1

POM

39° 14’ 28”N

121° 15’ 52”W

Filtered through 0.7 mm filter

POM2

POM

39° 16’ 33”N

121° 15’ 40”W

Filtered through 0.7 mm filter

POM3

POM

39° 17’ 39”N

121° 12’ 40”W

Filtered through 0.7 mm filter

ALG

Algae

39° 14’ 26”N

121° 16’ 02”W

Algae biofilm scraped from dock

a. State Historic Park.
b. Public Utility District.
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Figure 1 Map showing the location of the sample collections in the upper Yuba River watershed in northern California, including the North, Middle, and
South Yuba rivers and Englebright Lake. Aquatic samples (blue circles), vegetation (green triangles), soils (purple squares), and charcoal (black pentagon)
were collected throughout the watershed to characterize organic matter sources to Englebright Lake. Symbols plotted on top of each other indicate a
sampling location where multiple samples were collected. The inset shows the locations of samples collected on and near Englebright Lake, and the blue
circles represent the aquatic samples collected from the lake. Aquatic Site 1 is nearest to the Englebright Dam (toward the bottom of the inset), Aquatic
Site 2 is in the middle of the lake, and Aquatic Site 3 is upstream near the confluence of the South Yuba River.

Soil and Charcoal
Soil samples were collected from agricultural,
mining, forest, and roadside sites in the upper
Yuba River watershed. The roadside soils were
collected along the side of the main road in each
of the more populated areas in the watershed.
The top 1 cm of soil, reflecting surface processes
that influenced these soils, was collected with
a 16-cm2 diameter push core. At all sites, three
cores were collected from a 1-m2 area and
combined into a single soil sample (~ 15 g). Mining
samples were collected from mine tailing pits
remaining from early 20th century hydraulic
mining operations. Two additional samples were
collected from subsurface soil horizons exposed

at outcrops near roads (i.e., road cuts); these soils
represent deeply buried sediments that have
recently been exposed. The subsurface soils
were studied to allow soils that have undergone
decomposition processes during burial to be
compared to recently deposited surface soils that
have been exposed to more recent human and
climate related disturbances. Charred vegetation
from two recent forest fires were collected
as charcoal samples. Soil sample colors were
recorded using the Munsell Soil Color Index
(Table 1) and then stored at –80˚C before they
were freeze-dried for organic analyses. Freezedried samples were sieved through 1.19-mm mesh
to remove coarse gravel and plant fragments, and
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(500 mL each) and filtered through 0.7-µm precombusted glass fiber filters. These samples
represented the > 0.7 µm plankton assemblage.

homogenized with mortar and pestle to a fine
powder before analysis.

Vegetation
Vegetation samples represented the dominant
plant species in the watershed, and included
pine, fir and oak trees, grasses, moss, and
ferns (Table 1). The tissues included hard bark,
leaves and needles, flowers, and litter samples.
Samples were collected from two forested sites,
one agricultural site, and from the shoreline of
Englebright Lake. All vegetation samples were
stored at –80˚C, freeze-dried, and homogenized
with a mortar and pestle before analysis.

Algal biofilm samples from Englebright Lake
were collected by scraping algae from the floating
dock and buoy on the shoreline. The biofilm
was filtered through pre-weighed 0.7-µm precombusted glass fiber filters, frozen at -80˚C,
and freeze-dried. Before being analyzed for lipid
biomarkers, the filters were weighed to determine
the dry weight of the sample. Together, these
three types of samples were expected to represent
autochthonous OM in Englebright Lake.

Aquatic Sources
Aquatic samples were collected from Englebright
Lake to define autochthonous OM sources.
Plankton samples were collected with a
0.5-m-diameter, 63-µm mesh plankton net at three
locations in Englebright Lake. At Aquatic Sites 1
and 2, the plankton net was deployed to a depth
of 8 m, and a vertical tow was collected through
the water column. At Site 3, near the confluence
of Englebright Lake and the South Yuba River, a
strong current prevented sample collection using
a vertical plankton tow. Instead, the plankton
net was deployed at the water surface for 30
seconds in a 1.9-m3 -s–1 current (USGS station
11417500). After collection, the plankton samples
were transferred to pre-combusted glass jars for
storage. At each site, three plankton tows were
collected to characterize the > 63-µm plankton
assemblage in the lake. The plankton samples
were then filtered through 0.7-µm pre-combusted
glass fiber filters, stored at -80˚C, and freeze-dried
before elemental analysis.

Organic Proxy Analysis
TOC, TN, and Stable Isotope Analyses
Small aliquots (5 to 50 mg) of soils, vegetation,
and plankton were acidified with dilute HCl to
remove inorganic carbon (Hedges and Stern
1984) and dried overnight at 60˚C before being
analyzed with a Carlo Erba Elemental Analyzer
to measure TOC and TN content. Filters with
particulate samples from lake water were placed
in a desiccator with 6N HCl and fumed overnight
to remove inorganic carbon. Filters were then
dried for a minimum of 4 days before being
packaged and analyzed for TOC and TN. Replicate
analyses (n = 2 to 4) were run for all samples, and
the variation between samples was generally less
than 5%, but was ~10% in samples with very low
organic contents (< 0.1%).
Samples for stable carbon and nitrogen isotope
(δ13C and δ15N) analyses were prepared similarly.
δ13C and δ15N values were measured with a
Costech ECS 4010 CHNSO Analyzer (Costech
Analytical Technologies, Inc.) connected
to a Delta V Advantage Isotope Ratio Mass
Spectrometer with the Conflo IV interface
(Thermo Electron North America, LLC). All δ13C
and δ15N values are reported relative to standard
reference materials (δ13C: PeeDee Belemnite
limestone; δ15N: atmospheric nitrogen).

Suspended particulate organic matter (POM)
samples were collected concurrently at each of
the sites where plankton samples were obtained.
For biomarker samples, 20 L of lake water were
collected with a peristaltic pump from a depth of
10 cm, and filtered through 0.7-µm pre-combusted
glass fiber filters. These filters were frozen at
–80˚C and stored for lipid biomarker analysis.
POM samples for total organic carbon (TOC),
total nitrogen (TN) and stable isotope analyses
were obtained from three replicate water samples

Lipid Biomarker Analysis
Samples were analyzed for lipid biomarkers
following the procedure outlined by Waterson and
Canuel (2008). Briefly, aliquots of soils (10 to 50 g),
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oven. A standard surrogate solution containing
ethyl-vanillin and trans–cinnamic acid was
then mixed into the vessels, the solution was
decanted, and vessels were rinsed twice with 1N
NaOH. Lignin oxidation products were separated
from this solution with three rinses of ethyl
acetate. Samples sat over Na2SO4 overnight to
remove water, and were dried with a Zymark
TurboVap II solvent concentrator before being
redissolved in pyridine and derivatized with
BSTFA. Lignin oxidation products were measured
with an Agilent 7890A GC (DB-5MS 30-m x 0.32mm column with 0.25-µm film) connected
to an Agilent 5975C mass spectrometer using
1,3,5-triisopropylbenzene as an internal standard
to compute the concentrations of 13 lignin phenol
compounds. Peak areas were blank-corrected
before analysis, and measurements of replicate
samples agreed within ± 20%.

vegetation (1 to 5 g) and whole water filters were
extracted with a mixture of dichloromethane
(DCM) and methanol (2:1, v/v) at 80˚C and 1200
psi using an accelerated solvent extractor (Dionex
ASE 200 Accelerated Solvent Extractor). Extracts
were partitioned according to Bligh and Dyer
(1959) using a 1:1:0.9 solution of DCM, methanol,
and NaCl (20% aqueous solution) to separate
organic extracts from the aqueous phase. The
organic fraction was saponified, and neutral and
acidified fractions were extracted (Canuel and
Martens 1993). Neutral lipids were separated
into lipid compound classes using silica gel
columns, and fractions containing sterols and
alcohols were collected. The acidified lipids were
methylated and fatty acid methyl ethers (FAMEs)
were purified using silica gel columns. Sterol
and alcohol fractions were derivatized with N,OBis(trimethylsilyl)trifluoroacetamide (BSTFA)
before analysis with an Agilent 7890A GC (DB-5MS
30-m x 0.32-mm column with 0.25-µm film)
connected to an Agilent 5975C mass spectrometer.
FAME fractions were analyzed with an HP5890
series II GC (DB-23 60-m x 0.32-mm, 0.25-µm
film). Compounds were quantified relative to
internal standards (C21 FAME for FAME analysis
and 5α-cholestane for sterol analysis) and were
blank corrected before data analysis. The average
recovery of nonadecanol and 5α-androstanol
(surrogate compounds added before extraction
and tracked throughout the entire process)
from this analysis was approximately 65%, and
replicate samples agreed within ± 20%.

Total lignin concentrations normalized to dry
mass of sediment (Σ8) were calculated as the sum
of vanillyl, syringyl, and cinnamyl lignin phenols
(Hedges and Ertel 1982) and were normalized to
TOC to calculate total lignin yields (Σ8). Ratios of
syringyl to vanillyl phenols (S/V) and cinnamyl to
vanillyl phenols (C/V) were used to differentiate
between vascular plant tissues (Hedges and
Mann 1979). Acid to aldehyde ratios of vanillyl
phenols [(Ad/Al)v] and 3,5-dihydroxybenzoic
acid to vanillyl phenol ratios (3,5-Bd:V) provided
information on the degradation state of organic
matter derived from vascular plants (Hedges and
Mann 1979; Hedges and Ertel 1982).

Lignin Biomarker Analysis
Lignin phenols were measured following the
method described by Louchouarn et al. (2000).
Soil, charcoal, and vegetation samples were subsampled so that approximately 4 mg of organic
carbon were analyzed for each sample. Lignin
analyses were not conducted on the aquatic
samples because the samples were not large
enough, and because these samples were not
expected to contain lignin (Hedges and Mann
1979). Samples were loaded into stainless steel
vessels with 330 mg of CuO, 150 mg Fe(NH4)Mg,
and 2 to 3 mL of 2N NaOH. The CuO oxidation
reaction occurred as samples were stirred and
heated for 3 hours at 154˚C in a modified GC

Data Analysis
Peak areas were integrated using the Chem
Station software package (Agilent) and converted
to concentrations. These values were analyzed
for statistical differences using R-Studio version
0.98.507. Lipid, lignin, TOC, and TN data that did
not meet the assumption of normality required
for the statistical analyses were log-transformed
before regression, correlation, and t-test analysis.
Stable carbon and nitrogen values were not
transformed for statistical analyses because they
met the required assumptions. Data reported
here are either presented on a mass-normalized
(µg g–1) or percent basis.
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for the plankton samples collected from Sites 1
and 2 in Englebright Lake (Table 3). Mining and
subsurface soils had the lowest %TN (p < 0.001 for
student’s t-test among mining and agriculture,
forest, and roadside soils and between subsurface
and forest soils; p = 0.005 between subsurface
soils and agriculture and roadside soils) and
agricultural and forest soils had the highest %TN
(Figure 2B, Table A1).

To identify differences in OM sources in
the upper Yuba River watershed, principal
components analysis (PCA) was performed on
fatty acid, sterol, alcohol and lignin biomarker
data. PCA is a data-exploration method that
simplifies complex data sets into a small number
of principal components to describe factors
that control variation within the data. Before
the PCA analysis, concentration data for the
biomarker compounds were blank-corrected
and any undetected values were replaced with
the biomarker detection limit, or one-half the
minimum detected concentration of each variable
(Yunker et al. 2005). Biomarker concentrations
were then normalized to the total fatty acid,
sterol, or alcohol concentration to reduce artifacts
related to large concentration differences (Yunker
et al. 2005). Each biomarker value was divided
by the geometric mean of that variable across
all samples and log transformed. Biomarker
compounds were auto-scaled by subtracting the
mean and then dividing by standard deviation
from each value within a variable class. These
normalization steps created a data set for the
PCA that was unaffected by negative bias or
closure (Yunker et al. 2005). To reduce the
number of biomarker variables, biomarker
compounds were grouped when appropriate (i.e.,
when they reflected similar OM sources and
grouped together in an exploratory PCA). Three
subsequent PCAs were run using this smaller data
set, which consisted of 37 observations (samples)
and 21 biomarker variables (lipid and lignin
biomarkers representative of the OM sources in
this study) (Table 2).

Carbon to nitrogen ratios ([C:N]a) ranged from 5.6
to 81.5, and were lowest in freshwater plankton
samples (8.5 ± 3.4, p < 0.02) and highest in plant
samples (55.7 ± 21.2, p < 0.005) (Tables 3 and A1).
The range in [C:N]a ratios from soil samples was
high (10.8 – 35.8); agricultural soils had lower
[C:N]a ratios than forest soils (23.1 ± 10.6 and
29.7 ± 3.57, respectively; p = 0.004). No trend was
observed between soil [C:N]a and human land use
(Table 3).
δ13C ranged from -33‰ to -23‰ (Table 3).
Freshwater plankton samples had lower δ13C
values (– 31.72 ± 2.39‰) than terrigenous
(vegetation and soil) samples (– 28.1 ± 2.1‰,
p = 0.012) (Tables 3 and A1). δ15N ranged from
– 11‰ to 3‰, with the lowest values associated
with the vegetation samples (– 7.62 ± 1.02‰,
Tables 3 and A1). The freshwater plankton
samples had the highest δ15N values (1.48 ±
2.73‰, p < 0.001) (Tables 3 and A1). Within
Englebright Lake, there was a trend of increasing
δ13C and decreasing δ15N as distance from the
dam increased (Figure 3A).

Lipid Biomarkers
Total fatty acid (FA) concentrations ranged from
6.8 µg g–1 to 8,422.9 µg g–1, or 1.2 µg mgTOC–1 to
25.2 µg mgTOC–1 on a carbon-normalized basis
(Tables 4 and A2). TOC-normalized total FA
concentrations were higher in the aquatic samples
(23.8 ± 1.4 µg mgTOC–1) than in soil (3.9 ± 2.1 µg
mgTOC–1), char (3.2 ± 0.3 µg mgTOC–1), and plant
(5.1 ± 2.1 µg mgTOC–1) samples (p < 0.003; Table A2).
Long chain FA (LCFA = C24:0+ C25:0+ C26:0+ C27:0+
C28:0+ C29:0+ C30:0+ C31:0+ C32:0) varied across sample
type, with higher contributions in soils (17.7 ±
9.6%), charcoal (19.3 ± 15.3%) and vegetation
(12.5 ± 10.0%) than in the aquatic samples (1.2

RESULTS
TOC, TN, and Stable Isotopes
TOC ranged from 0.27% to 46.96% dry weight in
soil, vegetation, and plankton samples (Tables 3
and A1). %TOC was higher in the vegetation
(p < 0.001) and freshwater plankton (p < 0.001)
samples than in the soil samples (Table 3). Within
the soil samples, %TOC content was higher in
forest soils than in agricultural soils (p = 0.003) or
roadside soils (p < 0.005); mining and subsurface
soils had lower %TOC (p < 0.001) (Figure 2A). TN
varied between 0.01% and 6.25%, and was highest

8

MARCH 2022

Table 2 List of compounds that comprise the biomarker groups described throughout this study. Each group was assigned a source based on information
collected from this study. Loadings for factors 1 and 2 of the PCA for analyzing all samples, only plant and charcoal samples, and only soil samples are
provided.
Group name

Compounds

Source indicator

Aquatic
Sterols

cholesta– 5,22– dien– 3β– ol,
27– nor– 24– methylcholesta–
5,22– dien– 3β– ol

Cholesterol

cholest– 5– en– 3β– ol

Brassicasterol
SCFA

PCA– all
Factor 1

Factor 2

Aquatic plankton and
algae

0.265

0.023

Zooplankton

0.282

0.081

Generally microalgae,
24– methylcholesta– 5,22– dien– 3β– ol but also plants from
Brassicaceae family

0.294

– 0.172

C12:0, C14:0, C16:0

Microbial and aquatic
sources

0.090

0.369

C20+C22
PUFA

C20:1, C20:6, C22:2, C22:6

Aquatic phytoplankton
and zooplankton

0.209

– 0.082

C16 PUFA

C16:2, C16:3, C16:4

Aquatic phytoplankton
and zooplankton

0.143

– 0.151

PCA– plants

PCA– soils

Factor 1

Factor 2

Factor 1

Factor 2

0.929

0.084

0.004

0.092

– 0.284 – 0.244

0.072

– 0.037

– 0.021

– 0.117

24– methylcholesta– 5– en– 3β– ol,
Plant sterols

24– ethylcholesta– 5,22– dien– 3β– ol,
24– ethylcholest– 5– en– 3β– ol

Higher plants

– 0.036 – 0.049

0.001

0.004

– 0.006 – 0.003

LCFA

C24:0, C25:0, C26:0, C27:0, C28:0,
C29:0, C30:0, C31:0, C32:0

Higher plants

– 0.197

LCOH

C24OH, C25OH, C26OH, C27OH,
C28OH, C30OH, C32OH

Higher plants

– 0.096 – 0.201

Sum of all lignin phenols

Higher plants

– 0.292

0.200

0.132

– 0.026

– 0.413

0.471

Σ Syringyl / Σ Vanillyl Phenols

Angiosperm tissues

0.055

0.127

0.458

– 0.591

0.163

0.130

Woody plant tissues

0.059

0.398

0.225

0.442

– 0.290

0.356

Degradation of plant
tissue

0.406

0.034

– 0.250 – 0.062

0.294

– 0.142

Soil humification

0.374

0.141

0.137

– 0.087

– 0.140

– 0.023

Σ8

S/V
C/V
(Ad/Al)v
3,5– Bd:V

Σ Cinnamyl / Σ Vanillyl Phenols

Vanillic Acid / Vanillin

3,5– dihydroxybenzoic acid /
Σ Vanillyl Phenols

– 0.442

– 0.064 – 0.303 – 0.170

0.332

14α,ω; 16α,ω; 18α,ω; 20α,ω;
22α,ω; 24α,ω

Break down products
from bacteria; Suberin
from higher plant roots
and cuticles

Odd MUFA

C15:1, C17:1, C19:1

Soil

0.300

– 0.227

– 0.433

0.077

0.113

0.371

BrFA

i15, a15, i17, a17, i19, a19

Heterotrophic bacteria

0.306

– 0.238 – 0.575

0.038

0.102

0.90

C18 PUFA

C18:2ω6t, C18:3ω3, C18:3ω6, C18:4

Vegetation and fungi

C16:1 & C18:1

C16:1 , C16:1ω9 , C16:1ω7 , C16:1ω5 , C18:1ω5 ,
C18:1ω7 , C18:1ω9c , C18:1ω9t

Generally nonspecific
(specific isomers
indicate plant, fungi, or
bacterial input)

0.143

– 0.151

0.732

0.378

C22:1

C22:1ω9 , C22:1ω7

Nonspecific

0.002

– 0.167

C20:1

C20:1ω9 , C20:1ω7 , C20:1ω5

Nonspecific

0.070

– 0.082

Diacids
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– 0.098 – 0.425

– 0.160

0.063

– 0.204 – 0.478

0.115

0.206
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Table 3 Summary of mean (± standard deviation) values for bulk organic proxies for each group of samples analyzed (soils, charcoal, vegetation and
aquatic). Cases where data are unavailable either because samples were not analyzed for a specific variable or because the sample group comprised only
one data point (i.e., no standard deviation available) are identified as “na.”
TOC (%)

TN (%)

C:Na

d13C TOC (‰)

d15NTN (‰)

4.09 (4.12)

0.22 (0.18)

20.9 (8.68)

– 27.6 (2.39)

– 3.16 (2.40)

Mining

0.41 (0.06)

0.02 (0.18)

22.6 (7.42)

– 27.3 (0.64)

– 3.89 (0.07)

Subsurface

0.44 (0.24)

0.03 (0.01)

16.8 (4.72)

– 30.7 (3.15)

– 2.01 (0.80)

Roadside

2.46 (1.56)

0.15 (0.15)

23.1 (10.6)

– 25.7 (2.21)

– 0.81 (1.83)

Agriculture

5.10 (0.57)

0.41 (0.07)

12.6 (1.34)

– 28.6 (1.13)

– 4.04 (2.89)

Forest

10.4 (5.22)

0.34 (0.14)

29.7 (3.57)

– 27.6 (2.29)

– 5.43 (0.60)

Charcoal

30.4 (1.09)

0.98 (0.16)

30.5 (3.59)

– 29.4 (3.12)

– 4.96 (3.11)

Vegetation

43.7 (2.96)

0.96 (0.46)

55.7 (21.2)

– 28.6 (1.21)

– 6.69 (4.05)

Gymn.

46.7 (0.33)

0.84 (0.23)

53.7 (18.3)

– 27.7 (1.41)

– 10.0 (0.52)

Monocot

41.7 (2.67)

0.76 (0.35)

6.82 (24.1)

– 29.1 (1.75)

– 4.23 (7.06)

Eudicot

42.7 (3.58)

0.93 (0.36)

50.8 (17.6)

– 29.3 (0.92)

– 5.43 (4.37)

Fern

43.8 (na)

2.16 (na)

20.3 (na)

– 28.8 (na)

– 5.06 (na)

Moss

41.2 (na)

1.03 (na)

40.0 (na)

– 28.6 (na)

– 4.64 (na)

Bark

46.1 (na)

0.57 (na)

81.5 (na)

– 27.3 (na)

– 10.4 (na)

26.9 (14.5)

4.29 (3.05)

8.50 (3.40)

– 31.7 (2.39)

0.92 (2.04)

Plankton

26.9 (14.5)

4.29 (3.05)

8.33 (4.38)

– 31.6 (3.36)

1.48 (2.72)

POM

0.17 (0.01)a

0.02 (0.0)a

8.92 (1.36)

– 32.0 (0.48)

1.12 (0.09)

Algae

na

na

na

na

– 1.29 (na)

Soils

Aquatic

a. TOC and TN for POM samples are reported in mg L–1.

in roadside samples, whereas BrFA were lower in
frigid roadside soils than in other soils (p < 0.01;
Figures 5A, 5B)

± 1.5%, p < 0.01 for all three one-sided t-tests)
(Tables 4 and 5). Differences in the concentration
of polyunsaturated FA (PUFA) between the
samples were evident only for C18 PUFAs, and
not for C16 PUFAs or C20 + C22 PUFAs. C18 PUFAs
were more abundant in the vegetation samples
than in aquatic (p = 0.015) or soil (p < 0.001)
samples (Tables 5 and A2). On average, monounsaturated fatty acids (MUFA) made up 19.6 ±
8.4% of the total FA composition among samples;
branched fatty acids (BrFA) and α,ω-diacids
(C14+ C16+ C18+ C20+ C22+ C24 dicarboxylic acids)
were less than 20% of the total fatty acids in all
terrigenous samples. Diacids were not detected
in any aquatic samples (Table 4). Among the
plant samples, MUFA and BrFA were more
abundant in gymnosperm, fern, and moss
samples than in the angiosperm samples (p < 0.05,
Figures 4A, 4B). Diacid abundance was elevated

Total sterol concentrations ranged from below
detection (BD) to 5416.4 µg g–1 (Table 4), and
carbon normalized total sterol concentrations
ranged from BD to 14.4 µg mgTOC–1 (Table A3).
Carbon normalized sterols were higher (p < 0.05)
in aquatic (1.8 ± 1.6 µg mgTOC–1) and plant (2.4
± 3.0 µg mgTOC–1) samples than in soil (1.3 ±
3.5 µg mgTOC–1) and char (0.3 ± 0.1 µg mgTOC–1)
(Table A3). The dominant sterols included 27-nor24-methylcholesta-5,22-dien-3β-ol, cholesta5,22-dien-3β-ol, cholest-5-en-3β-ol (cholesterol),
24-methylcholesta-5,22-dien-3β-ol (brassicasterol),
24-methylcholest-5-en-3β-ol (campesterol),
24-ethylcholesta-5,22-dien-3β-ol (stigmasterol),
24-ethylcholest-5-en-3β-ol (sitosterol) (Tables 4
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Figure 2 Boxplots showing total organic carbon, total nitrogen and biomarker composition of soils collected from the upper Yuba River watershed. Total
organic carbon (A), total nitrogen (B), L8 (C), and (Ad/Al)v (D) show different trends with level of anthropogenic effect ranging from most affected (mining)
to least affected (forest). Subsurface soils are included for comparison but were not part of the analysis of the disturbance gradient described in the text as
indicated by the dotted line that separates these samples from the other soils.

in aquatic (p = 0.01) and soil samples (p = 0.002)
(Tables 4 and 5). In the aquatic samples, the
proportion of cholesterol and brassicasterol
was higher than the proportion of plant sterols
at the downstream sites (Sites 1 and 2), but this
relationship was reversed (i.e, plant sterols >
brasicasterol and cholesterol) at Site 3 near the
head of the lake (Figure 3B). Brassicasterol was
also detected in all soil samples, and its relative
abundance was higher in subsurface and mining

and A3). Sterols such as 27-nor-24-methylchoesta5,22-dien-3β-ol, cholesta-5,22-dien-3β-ol and
brassicasterol—typically assigned to aquatic
sources—were detected in all aquatic samples, as
well as the mixed bark (V12) and one agricultural
soil (AS2) sample. The proportion of brassicasterol
and cholesterol to the total sterol concentration
was higher in aquatic samples (p < 0.04 and
p < 0.01, respectively), while the proportion of
plant sterols (stigmasterol, campesterol, and
sitosterol) was higher in vegetation samples than
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and A4). Σ8 was higher in the vegetation and
charcoal samples compared to the soils (p < 0.01);
soil samples from the mine sites and from
the subsurface horizons had the lowest lignin
concentrations (Table 4; Figures 2C and 5D).
Ratios of syringyl to vanillyl phenols (S/V) and
cinnamyl to vanillyl phenols (C/V), proxies for
plant tissue type, had a wide range of values
(S/V = 0.002 to 5.61 and C/V = 0.02 to 5.76), with
the greatest range observed within the vegetation
samples (Figure 4C; Tables 4 and A4). C/V and
S/V were similar across vegetation, charcoal,
and soil samples (p > 0.05). (Ad/Al)v and 3,5-Bd:V,
indicators of OM degradation state, ranged from
0.13 to 1.04 and 0.0 to 0.7, respectively, across all
soil, vegetation, and charcoal samples (Tables 4
and A4). Overall, (Ad/Al)v and 3,5-Bd:V were
higher in soil and charcoal than in vegetation
(p < 0.001 and p = 0.02, respectively; Tables 4
and 5). Both (Ad/Al)v and 3,5-Bd:V were higher
in subsurface and mining soils than in any other
soil type, although no significant difference
was observed for 3,5-Bd:V (p < 0.05 for (Ad/Al)v;
Figures 2D, 5E, 5F).

Principal Components Analysis (PCA)
PCA was used to determine sources of variability
in the lipid and lignin biomarker data. An initial
PCA was run on all samples using all the lipid and
lignin data (Figure 6A), and Factor 1 and Factor
2 described 35.3% and 17.9% of the variability
in the data, respectively. Freshwater plankton
samples grouped together with positive scores
for Factor 1, soil samples had low but positive
scores for Factor 1, and vegetation samples had
negative scores for Factor 1. (Ad/Al)v and 3,5Bd:V
had the most positive loadings for Factor 1 (0.406
and 0.374, respectively), whereas Σ8 and LCFA had
negative loadings on Factor 1 (– 0.197) (Figure 6A;
Table 2). C/V and SCFA had the most positive
loading for Factor 2 (0.398 and 0.369, respectively),
while LCFA (– 0.442) and diacids (– 0.425) had the
most negative loadings for Factor 2 (Figure 6A;
Table 2). Vegetation and freshwater plankton
samples had positive scores for Factor 2, while
soils and charcoal grouped together with negative
scores for Factor 2 (Figure 6A, Table 2)

Figure 3 Downstream changes in stable carbon and nitrogen isotope
values and (A) sterol composition of the plankton communities with
distance from the dam in Englebright Lake (B). Open symbols indicate
stable nitrogen (δ15N) values, closed symbols indicate stable carbon
(δ13C) values and error bars represent standard deviation of the mean.
Open symbols in plot B indicate sterols from the larger plankton size
(> 63 µm) and closed symbols indicate sterols measured from the small
plankton (> 0.7 µm) fraction. Sterols shown here include 27-nor-24cholesta-5,22-dien-3β-ol (triangles; Oc.), brassicasterol (squares; Ba.),
and cholesterol (large circles; Ch.) for both size fractions, and the small
circles represent contributions from higher plant sterols (campesterol,
stigmasterol, and sitosterol; Pl) in the small plankton samples. Higher
plant sterols remained constant (35% to 50%) in the large plankton
samples, and are not included here.

soils than in roadside, agricultural, or forest soils
(p < 0.05; Figure 5C).

Lignin Biomarkers
Total lignin concentration (Σ8) ranged from
0.01 mg g–1 to 43.96 mg g–1, and carbon normalized
lignin concentration (L8) ranged from 0.18 mg
100 mgTOC-1 to 11.39 mg 100 mgTOC-1 (Tables 4
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Table 4 Summary of the average total fatty acid (FA), sterol, and lignin (Σ8) concentrations (mg g–1) for each group of samples analyzed, and relative
abundances of specific biomarkers within these compound classes. Standard deviations are reported in parentheses. Cases where data are unavailable
because samples were not analyzed for a specific variable or because the sample group comprised only one data point (i.e., no standard deviation
available) are identified as “na.” Concentrations of total fatty acids (FA) and total sterols are reported in mg g–1, unless indicated. Aquatic sterols includes
27-nor-24-methylcholesta-5,22-dien-3β-ol and cholesta-5,22-dien-3β-ol, Plant sterols includes 24-methylcholesta-5-en-3β-ol, 24-ethylcholesta-5,22-dien3β-ol, and 24-ethylcholest-5-en-3β-ol, Brass. indicates brassicasterol, and Chol. indicates cholesterol.
FA
(mg g–1)

LCFA
(%)

SCFA
(%)

BrFA
(%)

Diacid
(%)

Sterol
(mg g–1)

Aquatic
sterol
(%)

Brass.
(%)

Chol.
(%)

Plant
sterol
(%)

S8
(mg g–1)

C/V

S/V

(Ad/Al)v

3,5Bd:V

Soils

0.11
(0.08)

17.6
(9.59)

25.1
(10.5)

1.94
(1.41)

4.16
(5.75)

0.02
(0.03)

0.01
(0.05)

4.37
(3.38)

2.88
(1.99)

83.9
(23.4)

1.00
(1.34)

0.54
(0.36)

0.31
(0.23)

0.49
(0.20)

0.08
(0.05)

Mining

0.02
(0.00)

14.5
(4.10)

36.5
(15.3)

2.20
(2.26)

1.25
(1.06)

1.95
(0.21)a

0.00
(0.00)

8.65
(0.49)

2.40
(0.85)

84.1
(6.6)

0.03
(0.01)

0.42
(0.40)

0.23
(0.01)

0.50
(0.01)

0.14
(0.00)

Subsurface

0.04
(0.03)

7.90
(1.98)

25.7
(8.56)

1.35
(0.21)

1.55
(0.64)

0.04
(0.03)

0.00
(0.00)

8.75
(4.17)

3.15
(2.90)

88.1
(1.27)

0.01
(0.00)

0.91
(0.25)

0.23
(0.29)

0.87
(0.26)

0.12
(0.00)

Roadside

0.08
(0.04)

15.2
(11.3)

18.2
(8.08)

1.34
(1.88)

10.1
(7.48)

0.02
(0.04)

0.00
(0.00)

1.64
(1.53)

2.82
(3.00)

74.7
(42.0)

0.44
(0.45)

0.47
(0.39)

0.46
(0.34)

0.47
(0.20)

0.08
(0.00)

Agriculture

0.12
(0.04)

22.3
(9.7)

20.7
(2.97)

2.88
(1.00)

1.38
(1.68)

0.02
(0.04)

0.05
(0.1)

2.43
(1.74)

3.78
(1.33)

87.3
(12.3)

0.98
(0.31)

0.77
(0.22)

0.33
(0.11)

0.41
(0.04)

0.07
(0.00)

Forest

0.24
(0.07)

24.0
(7.64)

34.2
(11.0)

1.93
(0.80)

1.60
(1.20)

0.04
(0.07)

0.00
(0.00)

5.20
(1.77)

1.90
(1.13)

91.7
(2.14)

3.27
(1.57)

018
(007)

0.16
(0.02)

0.35
(0.04)

0.05
(0.00)

Charcoal

0.97
(0.06)

19.4
(15.3)

26.7
(10.2)

1.60
(0.42)

3.75
(4.88)

0.09
(0.04)

0.00
(0.00)

2.65
(0.78)

0.50
(0.07)

92.5
(6.22)

5.45
(3.56)

0.64
(0.74)

0.27
(0.16)

0.56
(0.19)

0.07
(0.00)

Vegetation

2.27
(1.02)

12.5
(10.0)

29.7
(10.1)

0.99
(1.75)

2.86
(3.22)

1.06
(1.41)

0.02
(0.06)

0.54
(1.04)

0.52
(0.84)

97.1
(4.01)

23.4
(14.9)

1.47
(1.76)

0.83
(1.30)

0.22
(0.12)

0.08
(0.20)

Gymnosperm

3.11
(1.33)

8.60
(3.47)

29.3
(9.35)

2.83
(2.83)

4.97
(4.26)

1.09
(0.36)

0.00
(0.00)

0.93
(1.62)

0.00
(0.00)

99.0
(1.62)

13.7
(6.72)

0.03
(0.03)

0.35
(0.19)

0.23
(0.05)

0.04
(0.00)

Monocot

2.34
(1.11)

9.25
(8.56)

29.0
(1.20)

0.00
(0.00)

0.95
(1.34)

0.54
(0.24)

0.00
(0.00)

0.00
(0.00)

0.40
(0.57)

92.5
(5.52)

43.6
(0.45)

3.62
(2.83)

1.01
(0.60)

0.14
(0.01)

0.01
(0.00)

Eudicot

1.88
(0.56)

13.4
(5.73)

35.8
(4.86)

0.00
(0.00)

1.70
(2.18)

1.62
(2.53)

0.00
(0.00)

0.00
(0.00)

0.65
(1.11)

99.4
(1.11)

27.6
(13.4)

2.36
(2.21)

0.29
(0.21)

0.16
(0.03)

0.02
(0.00)

Fern

3.06
(na)

8.10
(na)

41.4
(na)

0.40
(na)

0.00
(0.00)

0.68
(na)

0.00
(na)

0.00
(na)

2.20
(na)

97.8
(na)

11.8
(na)

0.00
(na)

0.73
(na)

0.20
(na)

0.06
(na)

Moss

1.82
(na)

4.40
(na)

17.0
(na)

0.09
(na)

2.60
(na)

0.74
(na)

0.00
(na)

1.20
(na)

0.30
(na)

98.5
(na)

0.76
(na)

0.45
(na)

0.74
(na)

0.58
(na)

0.71
(na)

Bark

0.81
(na)

39.80
(na)

9.00
(na)

2.10
(na)

8.10
(na)

0.50
(na)

0.2
(na)

2.50
(na)

0.30
(na)

89.3
(na)

40.4
(na)

4.04
(na)

0.10
(na)

0.23
(na)

0.05
(na)

Aquatic

2.94
(3.78)

10.9
(3.84)

53.2
(11.0)

1.89
(0.71)

0.00
(0.00)

0.25
(0.44)

3.94
(2.22)

8.00
(6.09)

38.9
(28.7)

49.1
(24.9)

na

na

na

na

na

Plankton

6.36
(3.37)

14.0
(2.37)

61.4
(5.84)

2.37
(0.84)

0.00
(0.00)

0.58
(0.56)

2.63
(1.33)

3.30
(2.23)

64.2
(27.9)

29.8
(29.1)

na

na

na

na

na

POM

0.01
(0.00)

8.60
(3.47)

48.1
(12.1)

1.43
(0.40)

0.00
(0.00)

0.83
(0.15)a

6.10
(0.44)

12.6
(6.46)

18.2
(1.55)

63.1
(4.80)

na

na

na

na

na

1.48
(na)

8.10
(na)

43.8
(na)

1.80
(na)

0.00
(0.00)

0.04
(na)

1.40
(na)

8.40
(na)

25.2
(na)

65.1
(na)

na

na

na

na

na

Algae

a. Values reported in µg g –1.

13

https://doi.org/10.15447/sfews.2022v20iss1art5

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

VOLUME 20, ISSUE 1, ARTICLE 5

Table 5 Summary of the major biomarkers explored in this study.
Open circles indicate the presence of the biomarker in samples that
represented each OM source, and filled circles indicate the OM source
with the highest average concentration of each biomarker.
Biomarker

Aquatic

Higher plant

Soil

Charcoal

C:Na

< 10

> 20

10 to 36

28 to 35

d13C

-33‰ to -27‰

-30‰ to -26‰

-32‰ to -22‰

-31‰ to -27‰

d15N

-1‰ to 4‰

-11‰ to -4‰

-7‰ to 2‰

-7‰ to -2‰

●

○

○

●

○

○

Bulk proxies

Sterols
Aquatic sterols
Brassicasterol
Cholesterol
Plant sterols

●
○

○
●

○

○

○

○

○

Fatty acids
LCFA
SCFA
C16 PUFA
C18 PUFA
C20+22 PUFA
BrFA

○

●

●

●

○

●

○

○

○

○

●

●
●
○

○

●

○

○

○

○
○

○

●

○

S8

●

○

○

L8

●

○

○

●

○

○

Diacids
Lignin

C/V
S/V
(Ad/Al)v
3,5-Bd:V a

a. Excludes sample V11.

●
○
○

○
○
●

○
●
○

Figure 4 Boxplots showing differences in the abundance of fatty acid
and lignin biomarkers for angiosperm clades, including eudicots and
monocots, gymnosperms, and other plant types (fern, moss, and bark).
Biomarker variables include odd-numbered monounsaturated fatty acids
(MUFA) (A), iso- and anteiso-branched fatty acids (BrFA) (B), and the ratio
of cinnamyl to vanillyl lignin phenols (C/V) (C). These variables had the
highest loadings in the plant PCA and differed significantly as determined
with ANOVA. Groups with matching letters indicate no statistical
differences, and groups without matching letters indicate statistically
significant (p < 0.05) differences.
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Figure 5 Boxplots showing differences in biomarker composition between soil types, including mining, subsurface, forest, agricultural, and roadside
(in the mesic and frigid temperature regimes) soils. Biomarker variables, including α,ω-diacids (A), branched fatty acids (BrFA) (B), brassicasterol (C) Σ8
(D), (Ad/Al)v (E), and 3,5-Bd:V (F), represent the variables with the highest loadings in the soil PCA or those variables where significant differences were
determined with ANOVA. Subsurface soils are separated by a dotted line to indicate that these samples were not part of the analysis of the disturbance
gradient described in the text. Groups with matching letters indicate no statistical differences, and groups without matching letters indicate statistically
significant (p < 0.05) differences. When letters are absent, no significant differences were observed between any soil type.
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Figure 6 These plots show the scores (black) and highest (i.e., top and
bottom 15%) loadings (red) for the first two components of the three PCAs
that were run to evaluate the sources of OM variability in the samples
collected from the upper Yuba River watershed. The first PCA considered
all samples (A) whereas the other PCA focused only on plant and charcoal
samples (B) and soil samples (C). The average score for each major OM
source group is shown with error bars representing the standard error,
when groups were large enough to calculate standard error.

for C/V and S/V and negative loadings for oddnumbered monounsaturated FA (Odd MUFA =
C15:1+ C17:1+ C19:1), BrFA and diacids (Figure 6B,
Table 2). C/V had the highest positive loadings,
while S/V and diacids had the most negative
loadings for Factor 2. Gymnosperm, ferns, and
monocot samples all plotted with positive Factor 2
scores, whereas eudicot, charcoal, bark, and moss
samples had negative Factor 2 scores (Figure 6B,
Table 2).

A second PCA was applied to only the vegetation
and charcoal samples using lipid and lignin
biomarker data specific to higher plants,
bacteria, and fungi (Figure 6B). By excluding
aquatic and soil samples, this analysis provided
greater resolution between the plant samples.
Factors 1 and 2 from this PCA explained a total of
62.9% (40.1% from Factor 1 and 22.8% and from
Factor 2) of the variability in the biomarker data.
Angiosperm samples (monocots and eudicots)
grouped together with positive Factor 1 scores,
while fir and pine, fern, and moss samples had
negative Factor 1 scores. Overall, separation
along Factor 1 was driven by positive loadings

PCA was also applied to the soil samples using
selected lipid and lignin biomarker data specific
to higher plants, bacteria, fungi, and the (Ad/
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shown in other systems (Cifuentes et al. 1988).
These δ15N values are similar to values reported
by Cloern et al. (2002) for freshwater seston
measured within the San Francisco Bay estuary
system (3.7 ± 2.8‰).

Al)v degradation index (Figure 6C). Factors 1
and 2 from the soil PCA explained 41.2% and
26.1% of the variability in these biomarker
data, respectively. C16:1 and C18:1 FA had the
most positive loading for Factor 1 (0.732), while
Σ8 (– 0.413) had the most negative loadings for
Factor 1 (Figure 6C, Table 2). Mining, subsurface,
and agricultural soils had positive Factor 1
scores, while the forest and roadside (frigid and
mesic) had negative Factor 1 scores (Figure 6C).
Agricultural, forest, and roadside mesic soils
grouped in the positive region of Factor 2, which
had positive loadings for Σ8, BrFA, and C16:1 and
C18:1 FA (Table 2, Figure 6C). In contrast, mining,
subsurface, and roadside frigid soil samples
plotted in the negative region of Factor 2 with (Ad/
Al)v, diacids, and 3,5-Bd:V. Results from these
PCAs will guide the following discussion, which
focuses on trends in the biomarkers that have the
highest loadings in these analyses.

TOC and TN contents were better able to identify
differences between fresh OM and older, more
processed OM. As expected, TOC and TN were
higher in the fresh OM from the plant and
plankton samples, and lower in the more aged
OM from the soil samples (Table 3). The lower
TOC and TN content of soils is consistent with
increased OM processing through plant litter
decomposition and contributions of microbial and
fungal biomass associated with soil OM formation
(Wedin et al. 1995).
In this discussion, we refer to aged OM as
the OM that undergoes decomposition as it is
incorporated into maturing and mature soils,
and not to ancient petrogenic sources. Several
studies have described radiocarbon throughout
California, including the Eel River watershed in
the northern Coast Ranges (Blair et al. 2003) and
the Sacramento–San Joaquin River Delta (Canuel
et al. 2009; Wakeham and Canuel 2016). Although
the Blair et al. study (2003) identified kerogen
as a source of ancient carbon, the geology of
the watershed of the Eel River (shale-dominated
Franciscan mélange) differs from the Yuba River,
which drains primarily granitic rocks with some
older metamorphic rock. Radiocarbon studies in
the Delta suggest that aged carbon likely comes
from human disturbance (i.e., agriculture and
urbanization) and deep soil horizons (Canuel
et al. 2009; Wakeham and Canuel 2016) and not
from ancient carbon sources, such as kerogen.
Therefore, it is unlikely that ancient sedimentary
OM contributes a significant amount of OM to
soils in the Yuba River watershed.

DISCUSSION
Evaluating the Application of Bulk Organic Proxies to
Discern OM Sources in the Upper Yuba Watershed
The bulk organic proxies (i.e., TOC, TN,
[C:N]a, δ13C, and δ15N ) varied widely across the
OM sources, and were effective in differentiating
between aquatic and terrigenous OM sources
and between fresh OM (i.e., plankton and higher
plants) and the more aged OM (i.e., soils). [C:N]a,
δ13C, and δ15N were most useful in distinguishing
aquatic OM from terrigenous OM in the upper
Yuba River watershed (Table 3). In general,
low [C:N]a (< 10) and δ13C values (< – 32‰) are
characteristic of freshwater aquatic OM sources
(Meyers 1994; Kaushal and Binford 1999; Cloern
et al. 2002), while high [C:N]a (> 20) and δ13C
(– 24‰ < δ13C < – 28‰) values reflect terrigenous
OM sources (Hedges and Oades 1997; Cloern et
al. 2002). [C:N]a and δ13C from samples collected
throughout the upper Yuba River watershed were
consistent with these reported values (Table 3),
and showed that these proxies can be used to
separate freshwater plankton from higher plants
in the study region. Additionally, high δ15N values
in freshwater plankton samples reflect greater
processing of nitrogen in aquatic samples than in
terrigenous OM from the watershed, as has been

Using Biomarkers to Describe Differences Between
and Within Groups of OM Sources in the Upper Yuba
Watershed
Biomarkers in Aquatic Samples
SCFA had one of the highest loadings in the
PCA for the full data set, and distinguished
between aquatic and terrigenous sources of OM
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biomarker of marine plankton species, yet it has
been suggested that brassicasterol and 27-nor-24methylchoesta-5,22-dien-3β-ol are formed through
similar pathways (Goad and Withers 1982), which
could explain its presence in these freshwater
samples. Together, these four sterols suggest that
the plankton community in Englebright Lake
comprises a mixture of diatoms and microalgae as
well as crustaceans and aquatic insects. However,
it is important to note that these analyses
represent a single sampling of the summer
plankton community in Englebright Lake, and
that the plankton community’s composition likely
changes seasonally and interannually.

(Figure 6A). Previous studies have also used
SCFA as biomarkers for aquatic OM in lakes
(Meyers and Ishiwatari 1993). In addition, oddnumbered MUFA (C15:1+ C17:1+ C19:1) and BrFA were
also characteristic of aquatic OM in Englebright
Lake, suggesting inputs from microbial and
heterotrophic bacteria sources (Volkman et al.
1980; Canuel and Martens 1993). Together, these
compounds are consistent with autochthonous
sources, including diatoms, protozoa, microbes,
and zooplankton (Desvilettes et al. 1997; Jaffé et
al. 2001; Lu et al. 2014)
Although the SCFA were able to distinguish
broadly between OM from aquatic and terrestrial
sources (Table 5, Figure 6A), sterols provided
greater insight about the composition of the
aquatic community in Englebright Lake.
Brassicasterol and cholesta-5,22-dien-3β-ol,
commonly attributed to diatoms (Volkman
2003; Dunn et al. 2008; Nakakuni et al. 2018) and
aquatic microalgae (Rampen et al. 2010; Martin–
Creuzburg and Merkel 2016), were abundant
in aquatic samples from Englebright Lake
(Table 4). In addition, cholesterol and 27-nor-24methylchoesta-5,22-dien-3β-ol were abundant in
the lake samples. Cholesterol has been observed
at low levels in many microalgae (Volkman
2003), and is the dominant sterol in crustaceans,
insects, and aquatic zooplankton (von Elert et al.
2003; Martin–Creuzburg at al. 2005). 27-nor-24methylchoesta-5,22-dien-3β-ol has been observed
in marine dinoflagellates (Goad and Withers
1982) and other marine microalgae (Volkman
2003; Ginear et al. 2008; Martin–Creuzburg and
Merkel 2016), including diatoms (Ginear et al.
2008; Ginear and Wikfors 2011; Volkman 2016).
The absence of dinosterol, a sterol specific to
dinoflagellates, in the aquatic samples from
Englebright Lake suggests that dinoflagellates
were not present, or were present in low
abundance at the time of our sampling. Dinosterol
has also been observed in eutrophied lakes where
dinoflagellate are often abundant (Schwab et al.
2015), and the absence of dinosterol in Englebright
Lake is consistent with its non-eutrophied
state. The presence of 27-nor-24-methylchoesta5,22-dien-3β-ol in this freshwater system was
unexpected because it is predominately a

Aquatic sterols accounted for approximately
80% of the sterols detected in the large plankton
fraction of the aquatic samples from Sites 1 and
2 in Englebright Lake, and sterols from higher
plants make up the remainder (Table A3).
However, at Site 3, higher plant sterols dominate
(~60%) the sterol composition for the plankton
tow samples (Figure 3B). This is consistent with
the δ13C value for plankton collected at this site,
which was more positive (i.e., more similar to
the δ13C measured for the soil and vegetation
samples) than the other plankton samples
collected from this lake, suggesting there was a
combination of aquatic and terrigenous OM at this
location (Figure 3A, Table A3). The location of this
site, within 200 m of the confluence of the South
Yuba River and Englebright Lake, would allow
for higher contributions of OM from terrigenous
sources than at other locations that were sampled
in the lake.

Biomarkers in Vegetation Samples
Additional analysis of the biomarker composition
of the vegetation and charcoal samples was
used to explore the high variability among these
samples (Table 4, Figure 5B), and results from
this analysis suggest that the multiple types
of plants sampled from the watershed (i.e.,
gymnosperms, moss, ferns, etc.) contributed to
the highly variable biomarker composition of this
group of samples. For instance, C/V and S/V ratios
and concentrations of BrFA differed between
angiosperms samples (e.g., monocots and
eudicots) and gymnosperms. BrFA, indicative of
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gradient of land disturbance (forested to mining).
For example, soil TOC and TN decreased along
the land disturbance gradient (i.e., forested to
mining) (Figure 2). Additionally, the abundance
of brassicasterol was higher in more disturbed
soils, such as the mining soils, and lower in
soils such as the agricultural and forested soils
(Figure 5C). This suggests that intensive land
use such as mining may lead to changes in the
dominant vegetation in an area, which affects the
overall TOC and TN content in these disturbed
soils. Brassicasterol is an indicator of inputs from
plants in the Brassicaceae family (Schaeffer et
al. 2001; Piironen et al. 2003; González–Pérez et
al. 2011). Several species from this family are
invasive weeds in North America that are well
adapted to thrive in cleared areas such as mine
pits or along roadsides (Pyšek 1998; Meekins et
al. 2001). The presence of brassicasterol in soil
samples from this region suggests a relatively
high abundance of Brassicaceae in the upper Yuba
River watershed, which is consistent with the
history of land clearance and disturbance in the
Yuba River watershed (i.e., agriculture, logging,
mining, and construction). The transition from
native plant communities to weedy, opportunistic
plants in response to changes in land use has
been observed in previous studies (e.g. Groves
and Willis 1999; Tilman and Lehman 2001).
Therefore, the observed trends in brassicasterol,
TOC, and TN from this study likely reflect a
transition from the native foothill woodlands or
conifer forests characteristic of the Sierra Nevada
region to invasive weeds as land was cleared for
agriculture, road construction, and mining in the
Yuba River watershed.

bacterial OM sources (Volkman et al. 1980; Canuel
and Martens 1993), were not detected in the
monocot and eudicot samples, but were measured
in all gymnosperm, moss, and fern samples
(Table A2). Concentrations of BrFA likely reflect
microbial colonization of these plant samples
and not the production of BrFA by plants. Highest
concentrations of BrFA were detected in the
gymnosperm needle samples at concentrations
similar to those reported by Jamieson and Reid
(1972) for these gymnosperm clades (i.e., ~3% for
Pseudotsuga spp. and ~1% for Pinus spp., Table A2).
S/V followed expected trends and was higher
in angiosperm samples than in gymnosperm
samples (Table A1; Hedge and Mann 1979), and
high C/V ratios were characteristic of monocots
but not eudicots (Figure 4). Although a limited
number of plants were sampled as part of this
study, these data show some differences in the
biomarker composition of the plant clades that
were sampled, and suggest that more research
may help to increase our ability to resolve
the dominant vegetation regimes in different
terrestrial and aquatic ecosystems.

Biomarkers in Soil
Soils collected from the upper Yuba River
watershed were characterized by biomarkers
representing contributions from higher plants
(i.e., Σ8, LCFA, C22:0, and α,ω–dicarboxylic acids
[C14 —C24 diacids]), heterotrophic bacteria (i.e.,
odd-numbered MUFA and BrFA), and fungi (i.e.,
C18:1ω5), demonstrating that soil OM composition
is a function of higher plant inputs and microbial
contribution. For example, biomarkers such as
LCFA, Σ8, and ratios of S/V and C/V described the
amount and type of plant material incorporated
into the soils. The microbial biomarkers (i.e.,
BrFA, Odd MUFA, C18:1ω5) and other indicators
of OM degradation (e.g., (Ad/Al)v) reflect the
incorporation of vascular plant material into soil
OM through fungal and bacterial biodegradation
of plant OM during soil formation (Zelles 1999).

Along the gradient of land use disturbance,
agricultural soils—representing a selection of
agricultural practices, including rangeland,
vineyards, and cropland—were most like forest
soils (Table 2 and Figure 5). Both types of soils
were characterized by relatively high inputs from
higher plant sources (i.e., Σ8 > 0.9 mg g–1 and LCFA
> 20%, Figures 2C and 5D, Table 4), as compared
to the roadside and mining soils. Agricultural
soils were also distinguished from other soils by
their elevated TN, low [C:N]a, and concentrations
of corprostanol (Figure 2B, Tables 3 and 4).

The soils collected as part of this study were
selected to represent different land uses,
ranging from relatively pristine forest to highly
degraded mine soils, and present an opportunity
to examine biomarker composition along a
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brassicasterol compared to all other soil samples).
This similarity likely reflects the degraded nature
of the OM in these soils. For example, high 3,5Bd:V indicate increased soil humification (Prahl
et al. 1994; Houel et al. 2006), and high (Ad/Al)
v indicate an increasing degree of oxidative
degradation (Hedges et al. 1988; Goñi et al. 1993;
Opsahl and Benner 1995). In the mining and
subsurface soils, the combination of high (Ad/
Al)v and 3,5-Bd:V are consistent with soil OM
degradation either through subsurface microbial
processes during soil horizon formation (Quideau
et al. 2001) or physical leaching during mining.

Corprostanol, combined with the high TN and low
[C:N]a, may reflect organic fertilizer addition that
contained manure (Peng et al. 2005; Sebilo et al.
2013).
The composition of roadside soils tended to fall
between the more plant-rich agricultural and
forested soils and the more degraded mining
soils. Interestingly, temperature seemed to
affect the composition of the roadside samples,
especially those characterized as frigid. In this
study, roadside frigid soils had mean annual
temperature between 0 °C and 8 °C, and were
found at elevations > 1,000 m in the Englebright
watershed, whereas roadside mesic soils had
mean annual temperatures between 8 °C and
15 °C (Soil Survey Staff 1999). Concentrations
of BrFA were lower in the roadside frigid soils
relative to the other soils while [C:N]a were higher
than most other soils collected from the upper
Yuba River watershed (Figure 5B, Table 3). This
suggests lower contributions of biomass from
heterotrophic bacteria, possibly from the lower
temperatures (Pietikäinen et al. 2005). In contrast,
[C:N]a were lower and concentrations of BrFA
in roadside mesic soils were higher than in the
other soils collected for this study (Figure 5B),
consistent with warmer temperatures being more
favorable for microbial activity (Nicolardot et al
1994; Cleveland and Liptzin 2007; Walker et al
2018; Ĉapek et al 2019).

Watershed Sources of OM Recorded in
Englebright Lake Sediments
This study offers an opportunity to explore
the extent to which the signatures of OM from
the upper Yuba River watershed are recorded
in the material deposited in Englebright Lake.
Results from the PCA (Figure 6A) indicate that
while multiple biomarker classes (i.e., fatty
acids, sterols, and lignin) are needed to explain
much of the variability in the composition of OM
sources, a few select biomarkers can be used
to differentiate between the major OM sources.
SCFA, for example, describe aquatic OM ,whereas
Σ8 identifies higher plant OM (Figure 6A).
Selecting a biomarker to characterize soil OM
presented more of a challenge because a mixture
of OM sources (i.e., higher plants and microbes)
are incorporated into these soils. Diacids and 3,5Bd:V biomarkers with the highest values in the
soils (Table 5) were selected to characterize soil
OM. While diacids are derived from plant OM,
they are an indicator of suberin in plant roots.
When they are found in soils, they likely represent
inputs to the soils from below-ground biomass
rather than above-ground biomass (Pisani et
al. 2013). Therefore, because concentrations
of diacids in soils likely reflect the strong
association between soils and root biomass and
because 3,5-Bd:V describes the OM degredation
common in soils (Prahl et al. 1994), these
biomarkers appear to be appropriately specific
to soils in the upper Yuba River watershed. BrFA
and LCFA, biomarkers indicative of soil OM from
the PCA shown in Figure 6A, were not selected
for this analysis because they did not distinguish

The biomarker analyses for the mining and
subsurface (road cut) samples showed some
interesting similarities. The OM-poor mining
soils collected during this study reflect the gold
extraction methods used for hydraulic mining
during the Gold Rush era, where sediments
were pressure washed from mountain-sides
and mixed in a slurry of mercury to remove
gold before being rinsed again and discarded
in mine tailing pits (James 2005). The samples
collected from mine tailing pits for this study
had unusually low organic carbon content (%TOC
< 1) when compared to other soils collected
from the watershed. Interestingly, subsurface
soil samples were similar in TOC content and
biomarker composition to the mining soils (i.e.,
%TOC < 1, high (Ad/Al)v, high 3,5-Bd:V, and high
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rates increase significantly during floods (i.e.,
up to 100 cm yr –1; Snyder et al. 2006; Pondell et
al. 2015, 2017) and OM composition during these
events is more characteristic of vegetation and
plant detritus (Pondell and Canuel 2020). These
observations in Englebright Lake are consistent
with storm event deposits in other impounded
lakes (e.g., Blair et al. 2018). It is likely that during
these flood events—often caused by intense
rainfall—heavy precipitation will lead to surface
runoff, which transports large amounts of plant
detritus from the soil surface into rivers and
lakes (Dhillon and Inamdar 2014). Thus, processes
such as surface runoff during high-precipitation
storm events and soil erosion during periods
of normal river discharge likely control the
delivery of OM from the Yuba River watershed
to Englebright Lake. Results from this study
suggest a strong connection between OM sources
in the watershed and the deposition of OM in a
lake in a small, mountainous river system, and
that the mechanisms supporting this connection
may change in response to changing watershed
conditions, such as discharge, precipitation, and
soil erodibility.

between plant and soil samples. Additionally,
the correlation between Σ8 and 3,5-Bd:V—both
measurements of lignin phenols—was sufficiently
low (– 0.19) to allow these biomarkers to be used
as independent tracers in the subsequent analysis.
Sediment cores from Englebright Lake were
sampled from the deepest channel of the lake
in 2002 by the USGS (Snyder et al. 2004), and
bulk organic proxies (Pondell and Canuel 2017)
and biomarkers (Pondell and Canuel 2020) were
analyzed to understand how OM accumulation
in the lake responded to changing climate and
land use between 1940 and 2000. Results from
these studies show that average δ13C values
ranged from – 28 to – 22‰ (Pondell and Canuel
2017) and that concentrations of biomarkers such
as LCFA, Σ8, brassicasterol, and diacids showed
significant responses to events such as floods
or dam construction in the watershed (Pondell
and Canuel 2020). A comparison of the SCFA,
Σ8, and (Ad/Al) v biomarkers in the major OM
sources in the upper Yuba River watershed and
in the surface sediments deposited in Englebright
Lake (Pondell and Canuel 2017, 2020) reveals
that terrestrial sources of OM dominate the
lake sediments (Figure 7). Since terrestrial OM
tends to be more refractory than aquatic OM
(Meyers and Ishiwatari 1993), it is expected that
the terrestrial OM deposited in Englebright Lake
remains relatively unchanged as it gets buried
(Meyers 1994). Further, if we assume that the
OM composition of the lake surface sediments
reflects OM sources from the watershed,
sediments deposited in Englebright Lake are most
similar to the roadside soil samples collected in
the watershed (Figure 7). Roadside soils tended
to represent the median values for biomarker
concentrations in soils from the watershed,
with a few exceptions (Figures 2 and 5). This
suggests soils may be a dominant source of OM
to Englebright Lake because they may be more
susceptible to erosion and mobilization from the
watershed to the lake (Lal 2003).

Summary
The biomarker composition of materials from
Englebright Lake and the upper Yuba River
watershed describe OM sources common to
small, mountainous river watersheds. The multibiomarker approach used in this study was able
to identify unique signatures for soils, plants, and
plankton to characterize OM sources thoughout
the watershed, and revealed a pattern of
increased OM alteration in response to the degree
of disturbance (both human- and climate-caused).
In this small, mountainous watershed, sediment
OM in Englebright Lake closely resembled
terrestrial OM sources from the upper Yuba River
watershed, including soil OM during average river
flow conditions and higher plant OM during flood
events. Connectivity between watersheds and
lakes and rivers has the potential to significantly
affect the global carbon cycle, and information
from this study defines the signatures of
terrestrial and aquatic (lentic/lotic) OM delivered
to aquatic environments, specifically soil, aquatic
plankton, and higher plants. This information

Previous research in Englebright Lake suggests
that flooding events affect the delivery
and accumulation of sediments in the lake
particularly strongly. Sediment accumulation
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Figure 7 Ternary diagram of biomarkers identified to be the best
indicators for each OM source through PCA, including SCFA to identify
aquatic OM, Σ8 to identify higher plants, and α,ω-diacids and 3,5Bd:V to describe soil OM. Aquatic samples (blue circles), soil samples
(purple squares), vegetation samples (green triangles), and charcoal
samples (black pentagons) collected from the Yuba River watershed
and Englebright Lake are shown along with surface sediment samples
deposited in Englebright Lake (orange stars). The surface sediment
samples were collected as part of a broader study of temporal changes
in OM delivery to Englebright Lake (see Pondell and Canuel 2020). Soil
samples are further characterized by different symbols to show the
relationship between soil sample type and surface sediment composition
(mining—open square, subsurface—square with dot, roadside—solid
square, agricultural—square with “+”, forest—square with “x”).”

expands our understanding of processes that
influence the source signatures of these materials
and enhances our ability to describe organic
carbon composition in small mountainous river
watersheds.

for lab and analytical assistance, and John
Milliman, Aaron Beck, and Steve Kuehl for
their substantive review and suggestions on
the content and direction of this manuscript. C.
Pondell was supported by NSF GK-12 (Division of
Graduate Education 0840804) and the VIMS Maury
Fellowship. This paper is contribution 4056 of
the Virginia Institute of Marine Science, William
& Mary. The authors declare that they have no
conflicts of interest.

ACKNOWLEDGEMENTS
We thank Dustin Flavell at the Sierra Foothills
Research and Extension Center, Joy and Amigo
Cantisano at Heaven and Earth Organic Farm,
the Double Oak Vineyards and Winery, Malakoff
Diggins State Historic Park, the National Parks
Service, the Donner Summit Public Utility
District, and the US Army Corps of Engineers for
access to and assistance with sample collection.
We also thank Erin Tyler and Michele Cochran

REFERENCES
Bauer JE, Cai W–J, Raymond PA, Bianchi TS,
Hopkinson CS, Regnier PAG. 2013. The changing
carbon cycle of the coastal ocean. Nature.
[accessed 2021 Oct 13];504:61–70.
https://doi.org/10.1038/nature12857
Bianchi TS, Canuel EA. 2011. Chemical biomarkers
in aquatic ecosystems. Princeton (NJ): Princeton
University Press. 392 p.

22

MARCH 2022

Canuel EA, Lerberg EJ, Dickhut RM, Kuehl SA,
Bianchi TS, Wakeham SG. 2009. Changes in
sediments and organic carbon accumulation in a
highly-disturbed ecosystem: the Sacramento–San
Joaquin River Delta (California, USA) Mar Pollut
Bull. [accessed 2021 Oct 13];59(4–7):154–163.
https://doi.org/10.1016/j.marpolbul.2009.03.025
Canuel EA, Hardison AK. 2016. Sources, ages, and
alteration of organic matter in estuaries. Ann Rev
Mar Sci. [accessed 2021 Oct 13];8:409–434.
https://doi.org/10.1146/annurev-marine-122414-034058
Canuel EA, Brush G, Cronin TM, Lockwood R,
Zimmerman AR. 2017. Paleoecology studies
in Chesapeake Bay: a model system for
understanding interactions between climate,
anthropogenic activities and the environment.
In: Weckström K. et al., editors. Developments
in paleoenvironmental research. Vol. 20.
Applications of paleoenvironmental techniques
in estuarine studies. Dordrecht (NL): Springer.
p 495–527.
Ĉapek P, Starke R, Hofmockel KS, Bond–Lamberty B,
Hess N. 2019. Apparent temperature sensitivity
of soil respiration can result from temperature
driven changes in microbial biomass. Soil Biol
Biochem. [accessed 2021 Oct 13];135:286–293.
https://doi.org/10.1016/j.soilbio.2019.05.016
Carreira RS, Albergaria–Barbosa ACR,
Arguelho MLPM, Garcia CAB. 2015. Evidence of
sewage input to inner shelf sediments in the NE
coast of Brazil obtained by molecular markers
distribution. Mar Pollut Bull. [accessed 2021
Oct 13];90(1–2):312–316.
https://doi.org/10.1016/j.marpolbul.2014.11.011
Cifuentes LA, Sharp JH, Fogel ML. 1988. Stable
carbon and nitrogen isotope biogeochemistry in
the Delaware estuary. Limnol Oceanogr. [accessed
2021 Oct 13];35(5):1102–1115.
https://doi.org/10.4319/lo.1988.33.5.1102
Cleveland CC, Liptzin D. 2007. C:N:P stoichiometry
in soil: is there a “Redfield ratio” for the
microbial biomass? Biogeochem. [accessed 2021
Oct 13];85:235–252.
https://doi.org/10.1007/s10533-007-9132-0

Blair NE, Aller RC. 2012. The fate of terrestrial
organic carbon in the marine environment. Ann
Rev Mar Sci. [accessed 2021 Oct 13];4:401–423.
https://doi.org/10.1146/annurev-marine-120709-142717
Blair NE, Leithold EL, Ford ST, Peeler KA,
Holmes JC, Perkey DW. 2003. The persistence of
memory: the fate of ancient sedimentary organic
carbon in a modern sedimentary system. Geochim
Cosmochim Ac. [accessed 2021 Oct 13];67(1):63–73.
https://doi.org/10.1016/S0016-7037(02)01043-8
Blair NE, Leithold EL, Papanicolaou ANT,
Wilson CG, Keefer L, Kirton E, Vinson D,
Schnoebelen D, Rhoads B, Yu M, et al. 2018.
The C-biogeochemistry of a Midwestern USA
agricultural impoundment in context: Lake
Decatur in the intensively managed landscape
critical zone observatory. Biogeochem. [accessed
2021 Oct 13];138:171–195.
https://doi.org/10.1007/s10533-018-0439-9
Bligh EC, Dyer WJ. 1959. A rapid method of total
lipid extraction and purification. Can J Biochem
Physiol. 37(8):911–917. https://doi.org/10.1139/o59-099
Butman D, Striegl R, Sackpoole S, del Giorgio P,
Prairie Y, Pilcher D, Raymond R, Paz Pellat F,
Alcocer J. 2018. Chapter 14: Inland waters. In:
Cavallaro N, Shrestha G, Birdset R, Mayes MA,
Najjar RG, Reed SC, Romero–Lankao R, Zhu Z,
editors. 2018. Second state of the carbon cycle
report 2 (SOCCR2): a sustained assessment report.
[accesssed 2021 Oct 13]. Washington (DC): US
Global Change Research Program. p. 568–595.
https://doi.org/10.7930/SOCCR2.2018.Ch14
Canuel E, Martens C. 1993. Seasonal variations
in the sources and alteration of organic matter
associated with recently-deposited sediments. Org
Geochem. [accesssed 2021 Oct 13]; 20(5):563–577.
https://doi.org/10.1016/0146-6380(93)90024-6
Canuel EA. 2001. Relations between river flow,
primary production and fatty acid composition of
particulate organic matter in San Francisco and
Chesapeake Bays: a multivariate approach. Org
Geochem. [accessed 2021 Oct 13];32(4):563–583.
https://doi.org/10.1016/S0146-6380(00)00195-9

23

https://doi.org/10.15447/sfews.2022v20iss1art5

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

VOLUME 20, ISSUE 1, ARTICLE 5

Federal M, editor. 2000. Landsat GeoCover
EMT+2000 Edition Mosaics, 1st ed. Waterloo,
ON: US Geological Survey. [accessed
2021 Oct 13]. Available from: https://
uwaterloo.ca/library/geospatial/collections/
us-and-world-geospatial-data-resources/
geocover-2000-landsat-imagery
Freymond CV, Kündig N, Stark C, Peterse F,
Buggle B, Lupker M, Plötze M, Blattmann TM,
Filip K, Giosan L, et al. 2018. Evolution of
biomolecular loadings along a major river
system. Geochim Cosmochim Ac. [accessed 2021
Oct 13];223:389–404.
https://doi.org/10.1016/j.gca.2017.12.010
Friedl MA, Sulla–MenasheD, Tan B, Schneider A,
Ramankutty N, Sibley A, Huang X. 2010. MODIS
Collection 5 global land cover: algorithm
refinements and characterization of new
datasets. Remote Sens Environ. [accessed 2021
Oct 13];114(1):168–182.
https://doi.org/10.1016/j.rse.2009.08.016
Gilbert GK. 1917. Hydraulic-mining debris in the
Sierra Nevada. US Geological Survey Professional
Paper 105. 154 p. https://doi.org/10.3133/pp105
Ginear J–L, Zhao H, Tomas C. 2008. Sterols and fatty
acids of three harmful algae previously assigned
as Chattonella. Phytochem. [accessed 2021
Oct 13];69(11):2167–2171.
https://doi.org/10.1016/j.phytochem.2008.05.013
Ginear J–L, Wikfors GH. 2011. “Dinoflagellate
Sterols” in marine diatoms. Phytochem. [accessed
2021 Oct 13]; 72(14–15):1896–1901.
https://doi.org/10.1016/j.phytochem.2011.05.002
Glendell M, Jones R, Dungait J, Meusburger K,
Schwendel AC, Barclay R, Barker S, Haley S,
Quine TA, Meersmans J. 2018. Tracing of
particulate organic C sources across the
terrestrial-aquatic continuum, a case study at the
catchment scale (Carminowe Creek, southwest
England). Sci Total Environ. [accessed 2021
Oct 13];616–617:1077–1088.
https://doi.org/10.1016/j.scitotenv.2017.10.211
Goad LJ, Withers N. 1982. Identification of 27-nor(24R)-24-methylcholesta-5,22-dien-3β-ol and
brassicasterol as the major sterols of the marine
dinoflagellate Gymnodinium simplex. Lipids.
[accessed 2021 Oct 13];17:853–858.
https://doi.org/10.1007/BF02534578

Cloern JE, Canuel EA, Harris D. 2002. Stable carbon
and nitrogen isotope composition of aquatic
and terrestrial plants of the San Francisco Bay
estuarine system. Limnol Oceanogr. [accessed
2021 Oct 13];47(3):713–729.
https://doi.org/10.4319/lo.2002.47.3.0713
Curtis J, Flint L, Alpers C, Wright S, Snyder N.
2006. Use of sediment rating curves and optical
backscatter data to characterize sediment
transport in the upper Yuba River watershed,
California, 2001–2003. US Geological Survey
Scientific Report 2005-5246. [accessed 2021 Oct 13].
84 p. https://doi.org/10.3133/sir20055246
Derrien M, Yang L, Hur J. 2017. Lipid biomarkers
and spectroscopic indices for identifying organic
matters sources in aquatic environments: a
review. Water Res. [accessed 2021 Oct 13];112:58–
71. https://doi.org/10.1016/j.watres.2017.01.023
Desvilettes CH, Bourdier G, Amblard CH, Barth B.
1997. Use of fatty acids for the assessment of
zooplankton grazing on bacteria, protozoans
and microalgae. Freshwat Biol. [accessed 2021
Oct 13];38(3):629–637.
https://doi.org/10.1046/j.1365-2427.1997.00241.x
Dhillon GS, Inamdar S. 2013. Extreme storms and
changes in particulate and dissolved organic
carbon in runoff: Entering uncharted waters?
Geophys Res Lett [accessed 2021 Oct 13] 16:13221327. https://doi.org/10.1002/grl.50306
Dunn RJK, Welsh DT, Teasdale PR, Lee SY,
Lemckert CL, Meziane T. 2008. Investigating
the distribution and sources of organic matter
in surface sediment of Coombabah Lake
(Australia) using elemental, isotopic and fatty
acid biomarkers. Cont Shelf Res. [accessed 2021
Oct 13];28:2535–2549.
https://doi.org/10.1016/j.csr.2008.04.009
Eganhouse RP, Sherblom PM. 2001. Anthropogenic
organic contaminants in the effluent of a
combined sewer overflow: impact on Boston
Harbor. Mar Environ Res. [accessed 2021
Oct 13];51(1):51–74.
https://doi.org/10.1016/S0141-1136(00)00035-0

24

MARCH 2022

Hedges J, Mann D. 1979. The characterization of
plant tissues by their lignin oxidation products.
Geochim Cosmochim Ac. [accessed 2021
Oct 13];43(11):1803–1807.
https://doi.org/10.1016/0016-7037(79)90028-0
Hedges J, Ertel J. 1982. Characterization of lignin
by gas capillary chromatography of cupric oxide
oxidation products. Anal Chem. [accessed 2021
Oct 13];54(2):174–178.
https://doi.org/10.1021/ac00239a007
Houel S, Louchouarn P, Lucotte M, Canuel R,
Ghaleb B. 2006. Translocation of soil organic
matter following reservoir impoundment
in boreal systems: implications for in situ
productivity. Limnol Oceanogr. [accessed 2021
Oct 13];51(3):1497–1513.
https://doi.org/10.4319/lo.2006.51.3.1497
Ishikawa NF, Tayasu I, Yamane M, Yokoyama Y,
Sakai S, Ochouchi N. 2015. Sources of dissolved
inorganic carbon in two small stream with
different bedrock geology: insights from
carbon isotopes. Radiocarbon. [accessed 2021
Oct 13];57(3):439–448.
https://doi.org/10.2458/azu_rc.57.18348
Jaffé R, Mean R, Hernandez ME, Peralba MC,
DiGuida OA. 2001. Origin and transport of
sedimentary organic matter in two subtropical
estuaries: a comparative, biomarker-based study.
Org Geochem. [accessed 2021 Oct 13];32(4):507–526.
https://doi.org/10.1016/S0146-6380(00)00192-3
Jamieson GR, Reid EH. 1972. The leaf lipids of
some conifer species. Phytochem. [accessed 2021
Oct 13];11:269–275.
https://doi.org/10.1016/S0031-9422(00)90002-5
James LA. 2005. Sediment from hydraulic mining
detained by Englebright and small dams in the
Yuba basin. Geomorphology. [accessed 2021
Oct 13];71(1–2):202–226.
https://doi.org/10.1016/j.geomorph.2004.02.016
Kaushal S, Binford MW. 1999. Relationship between
C:N ratios of lake sediments, organic matter
sources, and historical deforestation in Lake
Pleasant, Massachusetts, USA. J Paleolimnol.
[accessed 2021 Oct 13];22:439–442.
https://doi.org/10.1023/A:1008027028029

Goñi M, Ruttenberg K, Eglinton T. 1998. A
reassessment of the sources and importance of
land-derived organic matter in surface sediments
from the Gulf of Mexico. Geochim Cosmochim Ac.
[accessed 2021 Oct 13];62(18):3055–3075.
https://doi.org/10.1016/S0016-7037(98)00217-8
Goñi MA, Nelson B, Blanchette RA, Hedges, JI.1993.
Fungal degradation of wood lignins: geochemical
perspectives from CuO-derived phenolic dimers
and monomers. Geochim Cosmochim Ac.
[accessed 2021 Oct 13];57(16):3985–4002.
https://doi.org/10.1016/0016-7037(93)90348-Z
González–Pérez JA, González–Vila FJ, Arias ME.
2011. Geochemical and ecological significance of
soil lipids under Rhododendron ponticum stands.
Environ Chem Lett. [accessed 2021 Oct 13];9:453–
464. https://doi.org/10.1007/s10311-010-0300-4
Groves RH, Willis AJ. 1999. Environmental weeds
and loss of native plant biodiversity: some
Australian examples. Australian J Environ Manag.
[accessed 2021 Oct 13];6(3):164–171.
https://doi.org/10.1080/14486563.1999.10648465
Harjung A, Ejarque E, Battin T, Butturini A,
Sabater F, Stadler M, Schelker J. 2019.
Experimental evidence reveals impact of drought
periods on dissolved organic matter quality and
ecosystem metabolism in subalpine streams.
Limnol Oceanogr. [accessed 2021 Oct 13];64(1):46–
60. https://doi.org/10.1002/lno.11018
He D, Mead RN, Belicka L, Pisani P, Jaffé R. 2014.
Assessing source contributions to particulate
organic matter in a subtropical estuary: a
biomarker approach. Org Geochem. [accessed
2021 Oct 13];75:129–139.
https://doi.org/10.1016/j.orggeochem.2014.06.012
Hedges JI, Stern JH. 1984. Carbon and nitrogen
determinations of carbonate-containing solids.
Limnol Oceanogr. [accessed 2021 Oct 13];29(3):657–
663. https://doi.org/10.4319/lo.1984.29.3.0657
Hedges JI, Oades JM. 1997. Comparative organic
geochemistries of soils and marine sediments. Org
Geochem. [accessed 2021 Oct 13];27(7–8):319–361.
https://doi.org/10.1016/S0146-6380(97)00056-9
Hedges JI, Blanchette RA, Weliky K, Devol AH. 1988.
Effects of fungal degradation on the CuO oxidation
products of lignin: a controlled laboratory
study. Geochim Cosmochim Ac. [accessed 2021
Oct 13];52(11):2717–2726.
https://doi.org/10.1016/0016-7037(88)90040-3

25

https://doi.org/10.15447/sfews.2022v20iss1art5

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

VOLUME 20, ISSUE 1, ARTICLE 5

Martin–Creuzburg D, Merkel P. 2016. Sterols of
freshwater microalgae: potential implications for
zooplankton nutrition. J Plankton Res. [accessed
2021 Oct 13];38(4):865–877.
https://doi.org/10.1093/plankt/fbw034
Meekins JF, Ballard Jr HE, McCarthy BC. 2001.
Genetic variation and molecular biogeography of
a North American invasive plant species (Alliaria
petiolata, Brassicaceae). International J Plant Sci.
[accessed 2021 Oct 13];162(1):161–169.
https://doi.org/10.1086/317903
Meyers PA, Ishiwatari R. 1993. Lacustrine organic
geochemistry–an overview of indicators of organic
matter sources and diagenesis in lake sediments.
Org Geochem. [accessed 2021 Oct 13];20(7):867–
900. https://doi.org/10.1016/0146-6380(93)90100-P
Meyers PA. 1994. Preservation of elemental and
isotopic source identification of sedimentary
organic matter. Chem Geol. [accessed 2021
Oct 13];114(3–4):289–302.
https://doi.org/10.1016/0009-2541(94)90059-0
Nakakuni M, Kitano J, Uemura H, Yamamoto S.
2018. Modern sediment record of stanol to sterol
ratios in Lake Suigetsu, Japan: an indicator
of variable lacustrine redox conditions. Org
Geochem. [accessed 2021 Oct 13];119:59–71.
https://doi.org/10.1016/j.orggeochem.2018.02.004
Nicolardot B, Fauvet G, Cheneby D. 1994. Carbon and
nitrogen cycling through soil microbial biomass at
various temperatures. Soil Biol Biochem. [accessed
2021 Oct 13];26(2):253–261.
https://doi.org/10.1016/0038-0717(94)90165-1
Opsahl S, Benner R. 1995. Early diagenesis
of vascular plant tissues: lignin and cutin
decomposition and biogeochemical implications.
Geochim Cosmochim Ac. [accessed 2021
Oct 13];59(23):4889–4904.
https://doi.org/10.1016/0016-7037(95)00348-7
Ouellet J–F, Lucotte M, Teisserenc R, Paquet S,
Canuel R. 2009. Lignin biomarkers as tracers
of mercury sources in lakes water column.
Biogeochem. [accessed 2021 Oct 13];94:123–140.
https://doi.org/10.1007/s10533-009-9314-z

Keaveney EM, Reimer PJ, Foy RH. 2015. Young, old,
and weathered carbon-Part 1: using radiocarbon
and stable isotopes to identify carbon sources in
an akaline, humic lake. Radiocarbon. [accessed
2021 Oct 13];57(3):407–423.
https://doi.org/10.2458/azu_rc.57.18355
Lal R, Pimentel D, Van Oost K, Six J, Govers G,
Quine T, De Gryze S. 2008. Soil erosion: a
carbon sink or source? Science. [accessed 2021
Oct 13];319(5866):1040–1042.
https://doi.org/10.1126/science.319.5866.1040
Leithold EL, Blair NE, Perkey DW. 2006.
Geomorphologic controls on the age of particulate
organic carbon from small mountainous and
upland rivers. Global Biogeochem Cy. [accessed
2021 Oct 13];20(3).
https://doi.org/10.1029/2005GB002677
Leithold EL, Blair NE, Wegmann KW. 2016. Sourceto-sink sedimentary systems and global carbon
burial: a river runs through it. Earth Sci Rev.
[accessed 2021 Oct 13];153:30–42.
https://doi.org/10.1016/j.earscirev.2015.10.011
Li Z, Xu X, Ji M, Wang G, Han R, Ma J, Yan X, Liu J.
2018. Estimating sedimentary organic matter
sources by multi-combined proxies for spatial
heterogeneity in a large and shallow eutrophic
lake. J Environ Manage. [accessed 2021 Oct
13];224:147–155.
https://doi.org/10.1016/j.jenvman.2018.07.017
Louchouarn P, Opsahl S, Benner R. 2000. Isolation
and quantification of dissolved lignin from natural
waters using solid-phase extraction and GC/MS.
Anal Chem. [accessed 2021 Oct 13];72(13):2780–
2787. https://doi.org/10.1021/ac9912552
Lu YH, Bauer JE, Canuel EA, Chambers RM,
Yamashita Y, Jaffé R, Barrett A. 2014. Effects of
land use on sources and ages of inorganic and
organic carbon in temperate headwater streams.
Biogeochem. [accessed 2021 Oct 13];119:275–292.
https://doi.org/10.1007/s10533-014-9965-2
Martin–Creuzburg D, Wacker A, von Elert E. 2005.
Life history consequences of sterol availability in
the aquatic keystone species Daphnia. Oecologia.
[accessed 2021 Oct 13];144(3):362–372.
https://doi.org/10.1007/s00442-005-0090-8

26

MARCH 2022

Pyšek P. 1998. Is there a taxonomic pattern to plant
invasions? Oikos. [accessed 2021 Oct 13];82(2):282.
https://doi.org/10.2307/3546968
Quideau SA, Chadwick OA, Benesi A, Graham RC,
Anderson MA. 2001. A direct link between
forest vegetation type and soil organic matter
composition. Geoderma. [accessed 2021
Oct 13];104(1–2):41–60.
https://doi.org/10.1016/S0016-7061(01)00055-6
Rampen SW, Abbas BA, Schouten S, Sinninghe
Damsté JS. 2010. A comprehensive study of sterols
in marine diatoms (Bacillariophyta): implications
for their use as tracers for diatom productivity.
Limnol Oceanogr. [accessed 2021 Oct 13];55(1):91–
105. https://doi.org/10.4319/lo.2010.55.1.0091
Raymond PA, Bauer JE. 2001. Use of 14C and 13C
natural abundance for evaluating riverine,
estuarine, and coastal DOC and POC sources and
cycling: a review and synthesis. Org Geochem.
[accessed 2021 Oct 13];32(4):469–485.
https://doi.org/10.1016/S0146-6380(00)00190-X
Reichwaldt ES, Ho WY, Zhou W, Ghadouani A. 2017.
Sterols indicate water quality and wastewater
treatment efficiency. Water Res. [accessed 2021
Oct 13];108:401–411.
https://doi.org/10.1016/j.watres.2016.11.029
Schaeffer A, Bronner R, Benveniste P, Schaller H.
2001. The ratio of campesterol to sitosterol that
modulates growth in Arabidopsis is controlled by
STEROL METHYLTRANSFERASE 2;1. The Plant
Journal. [accessed 2021 Oct 13];25(6):605–615.
https://doi.org/10.1046/j.1365-313x.2001.00994.x
Schwab VF, Garcin Y, Sachse D, TodouG, Séné O,
Onana J–M, Achoundong G, Gleixner G. 2015.
Dinosterol δD values in stratified tropical lakes
(Cameroon) are affected by eutrophication. Org
Geochem. [accessed 2021 Oct 13];88:35–49.
https://doi.org/10.1016/j.orggeochem.2015.08.003
Sebilo M, Mayer B, Nicolardot B, Pinay G, Mariotti A.
2013. Long-term fate of nitrate fertilizer in
agricultural soils. PNAS 110(45):18185–18189.
https://doi.org/10.1073/pnas.1305372110
Snyder N, Alpers C, Flint L, Curtis J, Hampton M,
Haskell B, Nielson D. 2004. Report on the MayJune 2002 Englebright Lake deep coring campaign.
US Geological Survey Scientific Report 2004-1061.
[accessed 2021 Oct 13]. 32 p.
https://doi.org/10.3133/ofr20041061

Peng X, Zhang G, Mai B, Hu J, Li K, Wang Z. 2005.
Tracing anthropogenic contamination in the
Pearl River estuarine and marine environment of
South China Sea using sterols and other organic
molecular markers. Mar Pollut Bull. [accessed
2021 Oct 13];50(8):856–865.
https://doi.org/10.1016/j.marpolbul.2005.02.031
Pietikäinen J, Pettersson M, Bååth E. 2005.
Comparison of temperature effects on soil
respiration and bacterial and fungal growth
rates. FEMS Microbiol Ecol. [accessed 2021
Oct 13];52(1):49–58.
https://doi.org/10.1016/j.femsec.2004.10.002
Piironen V, Toivo J, Puupponen–Pimi R,
Lampi A–M. 2003. Plant sterols in vegetables,
fruits and berries. J Sci Food Agr. [accessed 2021
Oct 13];83(4):330–337.
https://doi.org/10.1002/jsfa.1316
Pisani OP, Hills KM, Courtier-Murias D, Simpson AJ,
Mellor NJ, Paul EA, Morris SJ, Simpson MJ. 2013.
Molecular level analysis of long term vegetative
shifts and relationships to soil organic matter
composition. Org Geochem 62:7-16.
https://doi.org/10.1016/j.orggeochem.2013.06.010
Pondell CR, Beck AJ, Kuehl SA, Canuel EA. 2015.
Application of plutonium isotopes to the sediment
geochronology of coarse-grained sediments
from Englebright Lake, California (USA). Aquat
Geochem. [accessed 2021 Oct 13];22:97–115.
https://doi.org/10.1007/s10498-015-9279-6
Pondell CR, Canuel EA. 2017. The role of
hydrodynamic sorting on the accumulation
and distribution of organic carbon in an
impoundment: Englebright Lake, California, USA.
Biogeochem. [accessed 2021 Oct 13];133:129–145.
https://doi.org/10.1007/s10533-017-0319-8
Pondell CR, Canuel EA. 2020. Sterol, fatty acid,
and lignin biomarkers identify the response of
organic matter accumulation in Englebright Lake
California (USA) to climate and human impacts.
Org Geochem. [accessed 2021 Oct 13];142:103992.
https://doi.org/10.1016/j.orggeochem.2020.103992
Prahl FG, Ertel JR, Goñi MA, Sparrow MA,
Eversmeyer B. 1994. Terrestrial organic carbon
contributions to sediments on the Washington
margin. Geochim Cosmochim Ac. [accessed 2021
Oct 13];58(14):3035–3048.
https://doi.org/10.1016/0016-7037(94)90177-5

27

https://doi.org/10.15447/sfews.2022v20iss1art5

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

VOLUME 20, ISSUE 1, ARTICLE 5

Snyder N, Wright S, Alpers C, Flint L, Holmes C,
Rubin D. 2006. Reconstructing depositional
processes and history from reservoir stratigraphy:
Englebright Lake, Yuba River, northern California.
J Geophys Res [accessed 2021 Oct 13];111:F04003.
https://doi.org/10.1029/2005JF000451
[USDA NRCS] US Department of Agriculture Natural
Resources Conservation Service. 1999. Web
soil survey: home page. [accessed 2018 Oct 21].
Available from:
https://websoilsurvey.sc.egov.usda.gov/
Tilman D, Lehman C. 2001. Human-caused
environmental change: impacts on plant
diversity and evolution. PNAS. [accessed 2021
Oct 13];98(10):5433–5440.
https://doi.org/10.1073/pnas.091093198
Van Metre P, Callender E, Fuller C. 1997. Historical
trends in organochlorine compounds in river
basins identified using sediment cores from
reservoirs. Environ Sci Technol. [accessed 2021
Oct 13];3(8)1:2339–2344.
https://doi.org/10.1021/es960943p
Veuger B, Eyre BD, Maher D, Middelburg JJ. 2007.
Nitrogen incorporation and retention by bacteria,
algae, and fauna in a subtropical, intertidal
sediment: an in situ 15N-labeling study. Limnol
Oceanogr. [accessed 2021 Oct 13];52(5):1930–1942.
https://doi.org/10.4319/lo.2007.52.5.1930
Volkman JK. 2003. Sterols in microorganisms.
Appl Microbiol Biotechnol. [accessed 2021 Oct
13];60(5):495–506.
https://doi.org/10.1007/s00253-002-1172-8
Volkman JK. 1986. A review of sterol markers for
marine and terrigenous organic matter. Org
Geochem. [accessed 2021 Oct 13];9(2):83–99.
https://doi.org/10.1016/0146-6380(86)90089-6
Volkman JK. 2016. Sterols in microalgae. In:
Borowitzka M, Beardall J, Raven J, editors. The
physiology of microalgae. Part of Developments in
Applied Phycology book series, vol. 6.
https://doi.org/10.1007/978-3-319-24945-2_19
Volkman JK, Johns RB, Gillan FT, Perry GJ,
Bavor HJ Jr. 1980. Microbial lipids of an intertidal
sediment—I. Fatty acids and hydrocarbons.
Geochim Cosmochim Ac. [accessed 2021
Oct 13];44(8):1133–1143.
https://doi.org/10.1016/0016-7037(80)90067-8

von Elert E, Martin–Creuzburg D, Le Coz JR. 2003.
Absence of sterols contrains carbon transfer
between cyanobacteria and a freshwater herbivore
(Daphnia galeata). P Roy Soc B- Biol Sci. [accessed
2021 Oct 13];270(1520):1209–1214.
https://doi.org/10.1098/rspb.2003.2357
Walker TWN, Kaiser C, Strasser F, Herbold CW,
Leblans NIW, Woebken D, Janssens IA,
Sigurdsson BD, Richter A. 2018. Microbial
temperature sensitivity and biomass change
explain soil carbon loss with warming. Nature
Clim Change. [accessed 2021 Oct 13];8:885–889.
https://doi.org/10.1038/s41558-018-0259-x
Walker XJ, Baltzer JL, Cumming SG, Day NJ, Ebert C,
Goetz S, Johnstone JF, Potter S, Rogers BM,
Schuur EAG, et al. 2019. Increasing wildfires
threaten historic carbon sink of boreal forest soils.
Nature. [accessed 2021 Oct 13];572:520–523.
https://doi.org/10.1038/s41586-019-1474-y
Waterson E, Canuel E. 2008. Sources of sedimentary
organic matter in the Mississippi River and
adjacent Gulf of Mexico as revealed by lipid
biomarker and δ13CTOC analyses. Org Geochem.
39(4):422–439.
https://doi.org/10.1016/j.orggeochem.2008.01.011
Wedin DA, Tieszen LL, Dewey B, Pastor J.
1995. Carbon isotope dynamics during grass
decomposition and soil organic matter formation.
Ecol. [accessed 2021 Oct 13];6(5):1383–1392.
https://doi.org/10.2307/1938142
Wright S, Schoellhamer D. 2004. Trends in
the sediment yield of the Sacramento River,
California, 1957 2001. San Franc Estuary
Watershed Sci. [accessed 2021 Oct 13];2(2).
https://doi.org/10.15447/sfews.2004v2iss2art2
Yunker MB, Belicka LL, Harvey HR, Macdonald RW.
2005. Tracing the inputs and fate of marine
and terrigenous organic matter in Arctic
Ocean sediments: a multivariate analysis of
lipid biomarkers. Deep sea research part II:
topical studies in oceanography. [accessed 2021
Oct 13];52(24–26):3478–3508.
https://doi.org/10.1016/j.dsr2.2005.09.008
Zelles L. 1999. Fatty acid patterns of phospholipids
and lipopolysaccharides in the characterisation of
microbial communities in soil: a review. Biol Fert
Soils. [accessed 2021 Oct 13];29:111–129.
https://doi.org/10.1007/s003740050533

28

MARCH 2022

Zimmerman AR, Canuel EA. 2002. Sediment
geochemical records of eutrophication in the
mesohaline Chesapeake Bay. Limnol Oceanogr.
[accessed 2021 Oct 13];47(4):1084–1093.
https://doi.org/10.4319/lo.2002.47.4.1084

29

https://doi.org/10.15447/sfews.2022v20iss1art5

